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Abstract 
The immune system plays an important role in the progression and eradication of several illnesses, 
notably in cancer and infectious diseases. Although in the last decades we have witnessed an 
unprecedented progress in the development of therapies in these two areas, significant challenges 
remained to be tackled.  
A number of infectious diseases, such as HIV, still remain elusive to vaccination. A key limitation of 
the most recent antigens is their poor immunogenic character, a fact that has encouraged the search 
for new adjuvants and antigen delivery carriers. Based on this premise, the objective of the first 
chapter of this thesis has been to develop polysaccharide-based nanoparticles as adjuvant carriers for 
an SIV peptide antigen (the simian equivalent of HIV). To this end, different types of nanoparticles, 
containing poly(I:C) as adjuvant, were developed. The influence of the type of attachment of the 
peptide to these nanoparticles in the final immune response was then studied. All nanoparticles 
elicited robust humoral responses in mice, while T cell activation patterns varied depending on 
antigen/nanoparticles association. Further efficacy studies performed in non-human primates 
confirmed the potential of one prototype, consisting of chitosan/dextran sulfate nanoparticles 
associating SIV peptide antigens by ionic interactions. The second chapter of this thesis was focused 
on adapting the manufacturing process of these polysaccharide-based nanoparticles for their 
fabrication in a pilot plant under GMP-like conditions. By implementing risk analysis tools, and 
combining orthogonal techniques, a deeper and more robust characterization of the formulation was 
achieved. In addition, both continuous and discontinuous scale-up methods were developed for the 
fabrication of these nanoparticles. 
On the other hand, the development of immunotherapies has been recognized as a major 
milestone in the treatment of cancer. However, there is plenty of room for the optimization of these 
therapies in terms of improving efficacy and reducing side effects. Within this frame, the objective of 
the last chapter of this thesis was to develop a new nanoformulation of poly(I:C), intended to target 
and reactivate tumor-associated macrophages. The results showed that, in vitro, macrophages treated 
with the poly(I:C) nanocomplexes were able to secrete T cell-attracting chemokines and also mediate 
direct tumor cell killing. 
Overall, the results of this thesis have led to the conclusion that a deeper understanding of the role 
of the immune system in diseases can be leveraged to improve the design of nanosystems to modulate 
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Resumen 
El sistema inmune juega un papel importante en el desarrollo y la erradicación de enfermedades 
infecciosas y del cáncer. A pesar de que en el último siglo hemos sido testigos de un progreso sin 
precedentes en el desarrollo de terapias para estas enfermedades, todavía existen importantes 
limitaciones.  
En el caso de las enfermedades infecciosas, algunas, como la infección por VIH, todavía no son 
prevenibles a través de la vacunación. Una importante limitación de los antígenos más modernos se 
debe a su carácter poco inmunogénico, lo que ha llevado a la búsqueda de nuevos adyuvantes y 
transportadores de antígenos. En base a esto, el primer capítulo de esta tesis se ha centrado en el 
desarrollo de nanopartículas a base de polisacáridos, con un antígeno peptídico contra el VIS (el 
equivalente simio al VIH). Con este fin, se desarrollaron varios tipos de nanopartículas, incluyendo el 
poly(I:C) como adyuvante, y se estudió el efecto en la respuesta inmune del tipo de unión entre las 
nanopartículas y el antígeno peptídico. En estudios en ratones todos los nanosistemas generaron 
importantes niveles de anticuerpos contra el antígeno, mientras que la cinética de activación de las 
células T se vio afectada por el tipo de unión antígeno/nanopartículas. Estudios de eficacia en primates 
confirmaron el potencial de uno de estos prototipos: nanopartículas a base de quitosano y sulfato de 
dextrano con antígenos peptídicos contra el VIS asociados mediante enlaces iónicos. El segundo 
capítulo de esta tesis se centró en adaptar el proceso de fabricación de estas nanopartículas para ser 
producidas en una planta piloto. Empleando herramientas de análisis de riesgos, y combinando 
técnicas analíticas complementarias, se consiguió una caracterización más completa y robusta de la 
formulación. Además, estas nanopartículas pudieron ser producidas a través de procesos continuos y 
discontinuos, trasladables a la industria. 
Por otra parte, a pesar de que el desarrollo de inmunoterapias ha supuesto un gran cambio en la 
lucha contra el cáncer, estos tratamientos todavía presentan importantes efectos secundarios y 
resistencias. Por lo tanto, el último objetivo de esta tesis fue el desarrollo de una nanoformulación de 
poly(I:C), capaz de dirigirlos hacia macrófagos asociados a tumores y así, reactivarlos. In vitro, los 
macrófagos tratados con los nanocomplejos de poly(I:C) secretaron quimoquinas implicadas en el 
reclutamiento de células T citotóxicas, además de destruir directamente las células tumorales. 
En resumen, los resultados de esta tesis demuestran que, a través del conocimiento del papel del 
sistema inmune en el desarrollo de diferentes patologías, se pueden desarrollar de manera racional 
nanotransportadores capaces de interaccionar y modular específicamente células del sistema inmune, 
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El sistema inmune está formado por una red compleja de órganos, tejidos y células linfoides innatas 
y adaptativas que se comunican entren ellas, orquestando diferentes respuestas. Además, el sistema 
inmune está involucrado tanto en el desarrollo como en la eliminación de muchas enfermedades, tales 
como infecciones, procesos inflamatorios, enfermedades autoinmunes y cáncer. Por ello, desde un 
punto de vista terapéutico, la modulación del sistema inmune es extraordinariamente importante para 
prevenir o tratar un gran número de enfermedades. 
Las nanopartículas (NPs) son sistemas versátiles que pueden ser empleados para modular una 
respuesta inmune, ya sea disminuyendo la inflamación, generando respuestas humorales y celulares 
más potentes, o a través de la reactivación de las células del sistema inmune para luchar contra el 
cáncer [1,2]. Las NPs pueden tener tamaños que van desde unos pocos a varios cientos de nanómetros, 
diferentes propiedades superficiales, y una rigidez y forma variables, propiedades que determinan su 
interacción con estas células. Al mismo tiempo, las NPs son capaces de transportar uno o más 
fármacos, y pueden ser modificadas con ligandos capaces de dirigirlas a un órgano, tejido o a una 
población celular específica [1,2]. Por todo ello, hoy en día se considera que la combinación del 
conocimiento sobre el papel del sistema inmune en la fisiopatología de diferentes enfermedades, con 
el de la capacidad diseñar de forma racional nanosistemas con propiedades modulables, puede tener 
un gran impacto en el tratamiento de enfermedades y, notablemente, de aquéllas en las que el sistema 
inmune juega un papel relevante.  
Nuestro grupo de investigación acumula tres décadas de experiencia en la aplicación de la 
nanotecnología a la modulación del sistema inmune. Concretamente, en el campo de la vacunación, la 
actividad del grupo se ha centrado en el diseño de diferentes nanotransportadores adaptados a las 
necesidades de distintos tipos de antígeno. A principios de los 90, nuestro laboratorio desarrolló NPs 
de ácido poliláctico y derivados, en el contexto de una vacuna de “dosis única” para el toxoide tetánico 
[3,4]. Posteriormente, desarrolló NPs y nanocápsulas (NCs) a base de polisacáridos y de polipéptidos 
para el transporte del toxoide tetánico, antígenos de superficie del virus de la Hepatitis B, o antígenos 
de E. coli uropatogénica [5–14]. Asimismo, en el marco de la inmunoterapia del cáncer, el grupo ha 
desarrollado diferentes tipos de NCs para transportar citoquinas y polinucleótidos con la finalidad de 
disminuir la presencia de células supresoras de estirpe mieloide en el microambiente tumoral [15]. 
 Teniendo en cuenta toda nuestra experiencia en la formulación de antígenos, hemos trabajado, en 
colaboración con la Universidad de Manitoba (Canadá), en el desarrollo de una vacuna formada por 
péptidos antigénicos asociados a NPs, cuya finalidad es la prevención de la infección por el virus de 
inmunodeficiencia humana (VIH). La necesidad de una vacuna contra este virus es evidente, teniendo 
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en cuenta que el VIH sigue siendo una de las enfermedades infecciosas más mortales, y que carece de 
una vacuna preventiva [16]. Por lo tanto, el primer objetivo de esta tesis ha sido el diseño y desarrollo 
de NPs a base de polisacáridos capaces de asociar un antígeno peptídico contra el VIS (equivalente 
simio al VIH), con la idea de generar una respuesta inmune potente frente al virus. 
 
1. Desarrollo de NPs polisacarídicas para la modulación de la respuesta inmune contra un 
antígeno peptídico del VIS  
El desarrollo de una vacuna efectiva contra el virus del VIH ha demostrado ser un gran desafío, 
especialmente debido a las características especiales de este virus. De hecho, el VIH infecta a las células 
T CD4, que juegan un papel importante en el desarrollo de la respuesta inmune adquirida. Por otro 
lado, este virus muta rápidamente, lo que lleva a una activación ineficiente del sistema inmune. 
Además, las diferentes cepas del virus son altamente variables, hecho que complica aún más la 
generación de una respuesta inmune amplia y protectora [17]. 
En este trabajo, nuestra estrategia para el diseño de una vacuna contra el VIH ha sido emplear como 
antígenos las secuencias peptídicas que flanquean los doce puntos de corte de la proteasa del virus 
(PCSs, por sus siglas en inglés) (Fig. 1). Estos doce puntos son aquéllos en los que la proteasa corta las 
proteínas del virus Gag, Pol y Nef, obteniendo así las estructuras necesarias para la que los viriones 
sean infectivos [18–20]. La proteólisis de estas proteínas debe tener lugar en los doce puntos de 
manera controlada y secuencial, de forma que si el proceso se ve interrumpido, aunque solo sea en un 
punto, se podría evitar la infección [18,19,21]. Otra ventaja de usar dichos antígenos es que estas 
secuencias están muy conservadas entre las distintas cepas del virus, por lo que su mutación no 
disminuiría la efectividad de la vacuna [18–21]. Previamente, los doce antígenos peptídicos del VIS 
fueron encapsulados en NPs de quitosano (CS) y sulfato de dextrano (DS) por complejación iónica. 
Estas NPs fueron administradas a primates no-humanos que habían sido también vacunados con 
vectores virales codificando las secuencias de los doce péptidos. En este estudio se observó que los 
niveles de inmunoglobulinas G (IgGs) contra los péptidos aumentaron de manera significativa tras la 
administración nasal de las NPs [22,23]. 
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Figura 1. Fragmentos de las proteínas Gag, Pol y Nef del VIH producidos como consecuencia de su corte por la 
proteasa del virus. Los doce antígenos peptídicos (1–12) son secuencias de 20 aminoácidos que flanquean estos 
doce puntos, (diez aminoácidos anteriores y diez posteriores a cada punto). Imagen adaptada y modificada de 
[19], reproducido bajo una licencia Creative Commons Attribution 4.0 International License 
http://creativecommons.org/licenses/by/4.0/. 
En base a esta información, el objetivo principal de este trabajo fue evaluar si el tipo de unión 
química de uno de los doce péptidos (PCS5, usado como modelo) a las NPs, y la presencia del 
adyuvante poly(I:C) en la formulación, podrían aumentar la inmunogenicidad del péptido en 
comparación con su asociación a las NPs por fuerzas iónicas. Nuestra hipótesis fue que la conjugación 
química del antígeno a los polisacáridos podría prevenir su liberación prematura hasta que las 
partículas fuesen capturadas por las células presentadoras de antígenos (APCs, por sus siglas en inglés), 
mejorando y prolongando así la respuesta inmune generada. El CS y el ácido hialurónico (HA) fueron 
los polisacáridos seleccionados para unir a ellos el antígeno peptídico PCS5. Además, el agonista del 
receptor 3 de tipo toll (TLR3), poly(I:C), fue incorporado a dos de los nanosistemas desarrollados para 
mejorar la respuesta celular contra el antígeno [7,24–26]. Como formulación comparativa se 
emplearon las NPs a base de CS y DS en las que el péptido PCS5 está asociado por interacciones iónicas. 
La selección se basó en resultados previos sobre el potencial de dichas nanopartículas como 
transportadores de estos antígenos a través de la mucosa [22,23]. Las propiedades fisicoquímicas de 
los conjugados polímero–PCS5 y las NPs preparadas fueron analizadas a través de diferentes técnicas. 
Finalmente, la capacidad de estas NPs para generar una respuesta inmune contra en antígeno fue 
evaluada en ratones, midiendo los niveles de anticuerpos, la activación de APCs y de células T. 
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1.1. Desarrollo de NPs a base de polisacáridos cargadas con un antígeno peptídico del VIS 
Los polisacáridos, y en especial el CS, han sido ampliamente utilizados como biomaterial para el 
diseño de transportadores de antígenos [27–29]. De hecho, nuestro grupo ha desarrollado 
nanosistemas a base de CS para el transporte de una gran variedad de antígenos tanto por vía 
parenteral como por vía nasal [6,7,30–32]. Otros autores también han empleado nanosistemas a base 
de DS [27,33–35] o de HA [36–41], ambos polisacáridos de carga negativa, con el fin de mejorar la 
respuesta inmune. En la mayoría de estos estudios, la asociación del antígeno a las NPs estaba basada 
en un simple proceso de asociación por interacciones iónicas entre polímeros y antígenos. Sin 
embargo, nuestro objetivo en este trabajo se centró en conjugar covalentemente el péptido PCS5 a las 
NPs, para conseguir una presentación más sostenida y mejorada del antígeno a las células del sistema 
inmune. 
Usando el método de preparación de las NPs de CS/DS descrito previamente [22], el péptido PCS5 
fue asociado a las NPs ajustando las interacciones entre el péptido y el polímero catiónicos (PCS5 y CS), 
con el polímero de carga negativa (DS) (Fig. 2A). 
Para el desarrollo de los nuevos prototipos donde la unión del péptido PCS5 a los polímeros es 
mediante enlace covalente, se procedió, en primer lugar, a la conjugación del péptido antigénico al CS 
a través de un enlace oxima. Seguidamente, el conjugado CS–PCS5 obtenido fue empleado para formar 
NPs mediante interacciones iónicas con el DS, en las que el adyuvante poly(I:C) fue también 
incorporado (Fig. 2B). Finalmente, para el tercer prototipo, la conjugación de PCS5 al HA fue realizada 
mediante un enlace tioéter, degradable en medios ricos en tioles libres, como el citoplasma (con 
grandes cantidades de glutatión) [42]. En este caso, las NPs se formaron a partir de las interacciones 
iónicas entre el conjugado HA–PCS5 y el CS, incorporando también el adyuvante poly(I:C) (Fig. 2C). En 
ambos nanosistemas, se esperaba también que la unión covalente ayudase a exponer al antígeno en 
la superficie de las NPs. Esta exposición en superficie, supuestamente, debería facilitar la presentación 
del antígeno a las células B, mejorando la respuesta humoral frente al mismo [43,44]. El análisis por 
espectrometría de fotoelectrones inducidos por rayos X confirmó la presencia de PCS5 en la superficie 
de las NPs de CS/HA–PCS5/pIC. 
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Figura 1. Composición de los diferentes nanosistemas desarrollados en este trabajo. Representación 
esquemática del proceso de preparación de los tres sistemas: (A) NPs de CS/DS + PCS5, (B) NPs de CS–
PCS5/DS/pIC, y (C) NPs de CS/HA–PCS5/pIC, junto con sus propiedades fisicoquímicas. CS, quitosano; DS, sulfato 
de dextrano; HA, ácido hialurónico; NPs, nanopartículas; PCS5, punto 5 de corte de la proteasa; PDI, índice de 
polidispersión; pIC, poly(I:C). 
Con el objetivo de mejorar la estabilidad a largo plazo de las NPs con antígeno, cada una de las 
formulaciones fue liofilizada empleando trehalosa como crioprotector. Finalmente, se seleccionó un 
7% de trehalosa como concentración óptima para las NPs de CS/DS + PCS5 y de CS/HA–PCS5/pIC; 
mientras que para las NPs de CS–PCS5/DS/pIC, un 4% de trehalosa fue suficiente para una correcta 
liofilización. 
 
1.2. Liberación de PCS5 a partir del enlace covalente  
Teniendo en cuenta que nuestro objetivo era comparar dos tipos de enlaces covalentes, también 
se estudió el modo de liberación del PCS5 a partir de las NPs conteniendo dichas uniones. En el caso 
del conjugado CS–PCS5, la unión del péptido fue realizada a través de un enlace oxima, estable a pH 
fisiológico [45–47]. Por lo tanto, se esperaría que el antígeno fuese liberado durante el procesamiento 
por las APCs. Por otro lado, en el caso del conjugado HA–PCS5, el enlace tioéter sufriría, 
previsiblemente, reacciones retro-Michael en presencia de tioles libres [42,48,49], los cuales están 








































Tamaño (nm) 119 ± 7
PDI 0.15
Potencial ζ (mV) -50 ± 3
Carga de antígeno (%) 7.9
Unión del antígeno Interacciones iónicas
Tamaño (nm) 141 ± 6
PDI 0.17
Potencial ζ (mV) +29 ± 3
Carga de antígeno (%) 4.9
Carga de pIC (%) 0.3
Unión del antígeno Enlace oxima
Tamaño (nm) 211 ± 15
PDI 0.07
Potencial ζ (mV) +30 ± 1
Carga de antígeno (%) 4.6
Carga de pIC (%) 0.05
Unión del antígeno Enlace tioéter
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consonancia con esto, los resultados in vitro mostraron que el péptido PCS5 solo se liberaba de las NPs 
de CS/HA–PCS5/pIC en presencia de GSH, y no en medio sin tioles libres (como en tampón fosfato 
salino). Por lo tanto, en este caso se espera que el péptido no se libere en el medio extracelular, y sólo 
una vez dentro de la célula donde hay grandes cantidades de GSH [50,51]. 
 
1.3. Evaluación de la respuesta inmune generada in vivo en diferentes modelos animales 
1.3.1. Respuesta inmune en ratones 
Con respecto a la respuesta humoral, en general, los niveles de inmunogobulinas G (IgGs) 
generados tras la vacunación con las distintas NPs aumentaron de manera significativa con el tiempo, 
alcanzando valores máximos en la última semana de estudio (semana 16) (Fig. 3A). En este punto, los 
niveles de anticuerpos anti-PCS5 detectados tras la vacunación con los distintos nanosistemas fueron 
hasta tres veces superiores que los valores detectados en ratones control (sin vacunar). Esta elevada 
y sostenida respuesta humoral tiene un gran interés en el caso del diseño de vacunas contra el VIH, ya 
que se considera que niveles constantes de anticuerpos son importantes para una vacunación efectiva 
[52]. La respuesta obtenida concuerda con otros estudios de NPs cargadas con antígenos, en los que 
se vio que los niveles de IgGs contra los antígenos permanecían en valores elevados hasta 28 y 37 
semanas tras la inmunización [12,13]. Teniendo esto en cuenta, es posible que a semanas posteriores 
nuestras NPs también generasen niveles elevados de anticuerpos anti-PCS5. 
Sin embargo, estos resultados indican que, en este caso, el enlace covalente entre péptido y NPs 
no tuvo un efecto en la respuesta humoral, lo cual contrasta con otros estudios donde la conjugación 
sí mejoró la respuesta humoral en comparación con las interacciones iónicas [43,53]. 
La activación de las APCs se midió a través de los niveles de expresión de las señales co-
estimuladoras de células T: CD40 y CD86 [54–56]. En el caso de los niveles de CD40 en macrófagos, el 
nanosistema con HA generó una mayor expresión de esta señal, en comparación con los ratones no 
vacunados y con los otros tratamientos (Fig. 3B). En el caso de CD86, las dos formulaciones con enlace 
covalente y poly(I:C) incrementaron su expresión en macrófagos (Fig. 3C). Estos resultados podrían 
indicar que la conjugación mejora la respuesta inmune, en comparación con las interacciones iónicas. 
De todas formas, no podemos descartar que el poly(I:C) también haya podido jugar un papel en esta 
activación [57]. 
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Figura 3. Evaluación in vivo de las NPs. (A) Niveles de anticuerpos anti-PCS5 tras la administración intramuscular 
de las tres nanoformulaciones. (B, C) Expresión de los factores co-estimuladores CD40 y CD86 en macrófagos a 
las 9 semanas post-administración. Las barras representan los valores en los ratones no tratados (barras rojas), 
y en los vacunados con: CS/DS + PCS5 (barras negras), CS–PCS5/DS/pIC (barras blancas), y CS/HA–PCS5/pIC 
(barras grises). Los valores representan la media ± SEM (n ≥ 5). El análisis estadístico fue hecho con una prueba 
Mann-Whitney. Las diferencias significativas entre los grupos están representadas como * (p < 0.05), ** (p < 
0.01), *** (p < 0.001) y **** (p < 0.0001). CS, quitosano; DS, sulfato de dextrano; HA, ácido hialurónico; NPs, 
nanopartículas; PCS5, punto 5 de corte de la proteasa; pIC, poly(I:C). 
Por último, la capacidad de activar las células T fue determinada a través de los niveles de secreción 
de IL-2 y TNFα. En este sentido, todas las formulaciones activaron las células T CD4 y CD8, pero con 
arreglo a diferentes patrones de secreción. Así, las NPs de CS/DS + PCS5, basadas en interacciones 
iónicas, activaron las células T a tiempos cortos (a las 10 semanas). La formulación de CS/HA–PCS5/pIC, 
con el enlace degradable en presencia de GSH, generó niveles más sostenido de activación de células 
T (de las semanas 12 a la 16). Finalmente, las NPs con el enlace más estable (CS—PCS5/DS/pIC) 
indujeron mayores secreciones de estas citoquinas en la semana 9, y especialmente en la 16 (Fig. 4). 
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PCS5 a partir de cada nanosistema. En este punto es importante destacar que esta activación más lenta 
de células T, en comparación con otras vacunas, ha sido también descrita en el caso de una vacuna de 
VIH con ARNm [58], resultados que plantean la pregunta sobre cuál es el perfil ideal de activación de 
células T en una vacuna contra el VIH. La posible correlación entre los perfiles de activación de células 
T y la eficacia de protección es un aspecto que deberá ser estudiado en mayor profundidad, y 
preferiblemente en modelos animales de mayor tamaño. 
 
Figura 4. Activación de células T CD4 y CD8. Secreción de IL-2 y TNFα en células T (A, C) CD4 y (B, D) CD8, 
cuantificado por FACS. Las barras representan los valores en los ratones no tratados (barras rojas), y en los 
vacunados con: CS/DS + PCS5 (barras negras), CS–PCS5/DS/pIC (barras blancas), y CS/HA–PCS5/pIC (barras 
grises). Los valores representan la media ± SEM (n ≥ 5). El análisis estadístico fue hecho con una prueba Mann-
Whitney. Las diferencias significativas entre los grupos están representadas como * (p < 0.05), ** (p < 0.01), *** 
(p < 0.001) y **** (p < 0.0001). CS, quitosano; DS, sulfato de dextrano; HA, ácido hialurónico; NPs, nanopartículas; 
PCS5, punto 5 de corte de la proteasa; pIC, poly(I:C). 
En resumen, en esta parte del trabajo se desarrollaron diferentes composiciones de NPs a base de 
polisacáridos, cargadas con un antígeno peptídico frente al VIS, PCS5. Los resultados demuestran que 
factores como el tipo de interacción antígeno–NPs (iónica, por enlace covalente estable o degradable), 
la presencia de adyuvantes como el poly(I:C), o incluso la naturaleza de los polímeros que las 
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generada. En este caso, todos los nanosistemas fueron capaces de generar niveles de anticuerpos anti-
PCS5 importantes, mientras que la cinética de activación de las células T fue diferente para cada 
vacuna. Estudios en modelos animales superiores podrán determinar si estas respuestas humorales y 
celulares se traducirían en una protección eficaz. 
 
1.3.2. Respuesta inmune en primates no humanos 
Finalmente, se seleccionaron dos de las NPs previamente desarrolladas para su administración 
combinada en un estudio en primates no humanos, dado que este es un mejor modelo para estudios 
de vacunación [59]. Por una parte, se eligieron las NPs de CS/DS teniendo en cuenta su capacidad para 
generar una pronta respuesta celular en ratones [60]. Además, la composición de esta NPs es la misma 
que la de las NPs usadas en la formulación de referencia que contiene los doce PCSs, y que ha generado 
una buena respuesta inmune en primates [22,23]. Dado que estas NPs ya habían sido administradas 
por vía intranasal (i.n.) con el objetivo de aumentar la protección en mucosas, la misma ruta se 
mantuvo en este nuevo estudio. Por otra parte, también se seleccionó el prototipo compuesto por las 
NPs de CS/HA/pIC, en base a su capacidad para generar una moderada pero sostenida activación de 
células T en ratones [60]. Estas NPs se administraron por vía intramuscular (i.m.), con el objetivo de 
generar una respuesta inmune sistémica. Con relación a la selección de los antígenos, nuestro objetivo 
fue el de evaluar el potencial de una vacuna conteniendo un número pequeño de antígenos PCSs. Por 
lo tanto, en lugar de usar los doce péptidos inicialmente descritos, seleccionamos el péptido PCS5 
usado en la evaluación en ratones, y los péptidos PCS2 y PCS12. Esta selección fue hecha en base a que 
se ha visto que mutaciones entorno a estas secuencias PCS son capaces de dificultar la replicación del 
VIH, dificultando la capacidad del virus para replicarse (resultados no mostrados).  
Tras la formulación de las NPs con los tres PCSs, y de la adaptación del proceso de liofilización, se 
procedió al estudio de la eficacia de la prevención de la infección con VIS en primates. En este estudio 
también se evaluó la eficacia de la formulación de referencia, formada por NPs de CS/DS asociando los 
doce PCSs, junto con los vectores virales (virus de la estomatitis vesicular recombinante) codificando 
las secuencias de estos doce PCSs (rVSV + Nano, 12 PCSs) [61].  
La combinación de las NPs de CS/DS y de CS/HA/pIC asociando los tres péptidos (Nano, 3 PCSs) fue 
administrada a ocho primates hembra. Cada animal recibió, en cada inmunización, las NPs de CS/DS 
por vía i.n. y las NPs de CS/HA/pIC por vía i.m., cada cuatro semanas, para un total de cuatro dosis de 
cada vacuna (Fig. 5A). En paralelo, la formulación de referencia formada por los doce péptidos 
contenidos en los vectores virales y en las NPs (rVSV + Nano, 12 PCSs) también fue administrada a ocho 
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primates hembra. En este grupo, cada animal recibió primero un prime con los rVSVs i.m., para luego 
ser inmunizados con una combinación de los vectores virales i.m. y las NPs i.n. (en los boost 1 y 3), de 
las NPs solas por vía i.n. (en el boost 2), o de los vectores virales solos por vía i.m. (en el boost 4). (Fig. 
5B) [61]. En ambos casos, los animales fueron sometidos a desafíos con el VIS cada dos semanas, y los 
niveles virales en sangre monitorizados. 
En la Figura 5 se observa el número de animales vacunados no infectados tras cada desafío con el 
VIS, en comparación con los animales del grupo control. En el caso de la formulación de referencia a 
base de los doce péptidos (rVSV + Nano, 12 PCSs), tras siete desafíos intravaginales con el virus, el 75% 
de los primates permanecieron no infectados, frente al 25% del grupo control [61]. En el caso de la 
combinación de las NPs con los tres PCSs (Nano, 3 PCSs), un 50% de los animales no se infectaron tras 
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Figura 5. Estudio de eficacia de protección frente a desafíos con el VIS de las vacunas descritas. (A–B) Grupos 
de vacunación, esquema de la administración y de los desafíos para (A) la combinación de las nanopartículas de 
CS/DS y de CS/HA/pIC con los tres PCSs, administradas por vía intranasal e intramuscular, respectivamente; y de 
(B) la formulación de referencia formada por los vectores virales y las NPs de CS/DS con los doce PCSs, 
administradas por vía intramuscular e intranasal, respectivamente. (C) Primates no humanos fueron vacunados 
con las NPs de CS/DS y de CS/HA/pIC con los tres PCSs (Nano, 3 PCSs; en azul); con la formulación de referencia 
con los doce PCSs en vectores virales y nanopartículas de CS/DS (rVSV + Nano, 12 PCSs; en rojo) [61]; o con el 
control de los vectores virales naturales y agua (Control; en negro) [61]. Porcentaje de animales no infectados 
tras siete desafíos intravaginales con el VIS. CS, quitosano; DS, sulfato de dextrano; HA, ácido hialurónico; i.m., 
intramuscular; i.n., intranasal; NPs, nanopartículas; PCS, punto de corte de la proteasa; rVSV, virus de la 
estomatitis vesicular recombinante; VIS, virus de inmunodeficiencia en simios. 
Estos resultados preliminares en primates apoyan la idea de que una vacuna conteniendo tres de 
los doce PCSs y con ninguna de las proteínas completas Env, Gag o Pol, es una estrategia que puede 
retrasar la adquisición del virus y prevenir la infección de forma moderada. Es importante destacar 
que esta formulación contiene péptidos poco inmunogénicos, y solo tres de los doce péptidos descritos 
para dificultar la maduración del virus [18,19]. De hecho, la formulación con los doce PCSs y con un 
vector muy inmunogénico (rVSV + 12PCSs), generaron prometedores resultados para la prevención del 
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VIS [61]. Por lo tanto, es posible que una mejor selección de los péptidos, o un aumento de su número, 
mejore la potencia de una esta vacuna basada en NPs. Además, la incorporación de adyuvantes 
adicionales podría ayudar a mejorar los niveles de protección. En conjunto, consideramos que hay un 
margen de mejora para optimizar esta formulación con el fin de obtener una potente vacuna contra 
el VIS basada en NPs asociando un bajo número de antígenos. 
 
Teniendo en cuenta estos prometedores resultados en primates con las NPs de CS/DS, nuestro 
siguiente objetivo ha sido adaptar el proceso de fabricación de estas NPs a base de polisacáridos para 
su producción a nivel industrial en una planta piloto. 
 
2. Desafíos tecnológicos en el desarrollo preclínico de una nanovacuna frente al VIH 
En base a estos prometedores resultados en primates, el objetivo en esta parte del trabajo fue el 
de optimizar y adaptar la nanoformulación basada en interacciones iónicas entre el CS y el DS, con la 
finalidad de producirla en una planta piloto para su uso en preclínica y, posteriormente, en ensayos 
clínicos. La vacuna original está compuesta por doce antígenos peptídicos contra los doce PCSs del VIS, 
encapsulados dentro de NPs de CS/DS [22,23,61]. Dado que el proceso de formulación es el mismo 
para cada uno de los doce péptidos, uno de ellos (PCS5) fue seleccionado para su transferencia 
tecnológica, a modo de antígeno modelo.  
Hoy en día, la complejidad de los nanosistemas, y la falta de métodos analíticos estandarizados que 
permitan su correcta y completa caracterización, ha frenado la llegada de más nanomedicinas al 
mercado [62]. De hecho, se han descrito importantes diferencias entre las mismas NPs preparadas en 
un laboratorio o a nivel industrial [63]. Por lo tanto, es importante emplear métodos analíticos que 
caractericen de forma exhaustiva y complementaria las NPs, garantizando su reproducibilidad. Así, 
nuestro objetivo fue establecer los requisitos más importantes para que una nanovacuna pueda llegar 
con mayor facilidad a la industria.  
En primer lugar, empleamos una estrategia basada en la “calidad desde el diseño” (QbD, por sus 
siglas en inglés), a través de la cual se establecen tanto las especificaciones del producto final, como 
los atributos críticos para su calidad. Además, a través de un diagrama de Ishikawa también se 
identificaron los parámetros del proceso de fabricación de las NPs que podrían tener un mayor impacto 
en sus propiedades finales. Tal y como se ha descrito en la sección anterior, estas NPs son preparadas 
mediante la técnica de complejación iónica de los componentes de carga positiva (el CS y el péptido 
PCS5), con el polímero cargado negativamente (DS) (Fig. 6A). Estudiando la influencia de cada uno de 
Resumen in extenso 
  49 
los parámetros del proceso de formulación, se pudo determinar que la etapa crítica en el proceso de 
formulación es la velocidad de adición de la disolución de DS sobre la fase de CS+PCS5. 
Con respecto a los métodos analíticos para la caracterización de las NPs, las técnicas basadas en la 
dispersión dinámica de luz (DLS, por sus siglas en inglés) son métodos rápidos y sencillos para 
determinar el tamaño de partícula, pero presentan varias desventajas [64,65]. Por ello, su combinación 
con otras técnicas complementarias como la microscopía, o el análisis de seguimiento de 
nanopartículas (NTA, por sus siglas en inglés) es recomendado por las diferentes agencias regulatorias 
[65]. En nuestro caso, al aplicar todas estas técnicas para la caracterización de las NPs, se obtuvieron 
valores comparables de tamaño y dispersión de las NPs (Fig. 6B–E). En el caso de la formulación 
liofilizada, también se obtuvieron valores reproducibles con las distintas técnicas mencionadas. 
Además, se observó que la liofilización del nanosistema fue capaz de mantener la estabilidad a largo 
plazo de la formulación hasta 15 meses, tanto a temperatura ambiente como en nevera, en las 
diferentes condiciones de almacenamiento recomendadas por el Consejo Internacional de 
Armonización de los requisitos técnicos para el registro de medicamentos de uso humano (ICH). 
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Figura 6. Preparación y caracterización de las nanopartículas. (A) Proceso de obtención de las nanopartículas. 
El antígeno peptídico es añadido sobre la solución de quitosano, dejándolos en agitación durante 5 min. Después, 
(1; velocidad de adición), la disolución de sulfato de dextrano se adiciona sobre la fase de carga positiva, (2; 
velocidad de agitación) bajo agitación magnética. (3; tiempo de interacción) Los componentes se dejan 
interactuar bajo agitación, para finalmente (4; tiempo de incubación) dejarlos incubar en ausencia de agitación 
(4). (B–D) Caracterización fisicoquímica de las nanopartículas usando técnicas complementarias. (B) Histogramas 
de intensidad del tamaño de partícula obtenido por DLS (imagen superior) y de los valores de la carga superficial 
(imagen inferior). (C) Imágenes de microscopía de las nanopartículas por FESEM (la barra de tamaño representa 
200 nm). (D) Distribución de tamaño obtenido por NTA. (E) Resumen del tamaño de partícula medio obtenido 
por las tres técnicas complementarias. DLS, dispersión de luz dinámica; FESEM, microscopía electrónica de 
barrido de emisión de campo ; NTA, análisis de seguimiento de nanopartículas. 
A
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Como se indicó previamente, garantizar la reproducibilidad del proceso de fabricación de las NPs 
en diferentes laboratorios es un aspecto crítico para la correcta traslación del producto. En este 
sentido, el proceso de formulación de las NPs fue transferido a tres laboratorios diferentes con 
personal distinto, y los lotes de NPs producidos (de 1.65 a 200 mL) fueron caracterizados y 
comparados. En los tres centros, las propiedades fisicoquímicas de los lotes estaban dentro de las 
especificaciones previamente indicadas. Además, el escalado pudo realizarse a través de técnicas de 
microfluídica, y de producción discontinua en lotes. Finalmente, se llevó a cabo la preparación de un 
lote de 200 mL de formulación en la planta piloto, bajo condiciones de buenas prácticas de fabricación 
(BPF). En este sentido, tanto los procesos de producción, como los materiales y el flujo de trabajo del 
personal, fueron diseñados en condiciones cualificadas siguiendo las guías de BPF. Este lote de NPs fue 
liofilizado y caracterizado, y todas sus propiedades fisicoquímicas cumplieron con los atributos de 
calidad previamente establecidos (Tabla 1). Por lo tanto, la traslación de esta nanovacuna del 
laboratorio a un ambiente industrial fue realizada con éxito. 












Formulación final 150 ± 1 0.13 -42 ± 1 6.6 7.2 186 
PDI, índice de polidispersión.  
En conclusión, hemos demostrado la posibilidad de producir esta nanovacuna contra el VIS en un 
ambiente industrial. Aplicando una estrategia de QbD, los aspectos con un mayor efecto sobre los 
atributos de la formulación fueron determinados. Además, hemos visto la importancia de combinar 
técnicas complementarias para garantizar una caracterización completa y realista del producto final. 
Finalmente, la reproducibilidad y escalabilidad de la formulación demuestran que esta nanomedicina 
estaría lista para ser trasladada a una fabricación industrial. 
Por último, un objetivo diferente de esta tesis, pero en línea con nuestro interés por el potencial 
de la nanotecnología para la modulación del sistema inmune, fue la reactivación del sistema inmune 
para en el contexto del cáncer. Para ello, empleamos una molécula conocida, el agonista del receptor 
TLR3, poly(I:C). Esta molécula es un ARN de doble cadena que al interaccionar con su receptor aumenta 
la expresión de genes de IFN [66]. Esta activación genera estados proinflamatorios, que en el caso de 
los macrófagos asociados a tumores (TAMs, por sus siglas en inglés), son reactivados y pueden luchar 
de nuevo contra las células tumorales [67]. Así pues, el objetivo final de esta tesis fue el diseño y 
desarrollo de nanocomplejos de poly(I:C) con propiedades modulables, que permitan su 
direccionamiento a macrófagos, y su consiguiente polarización a estados proinflamatorios.  
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3. Nanocomplejos a base de arginina cargados con poly(I:C) para la reeducación de TAMs  
A pesar del conocido potencial de poly(I:C) para polarizar macrófagos hacia un perfil M1, y su 
consecuente actividad antitumoral [68], su administración sistémica presenta importantes efectos 
secundarios [25]. En la actualidad, se ha descrito que el nanocomplejo del poly(I:C) con el polímero 
catiónico polietilenimina (PEI) ha resultado efectivo en diferentes modelos tumorales in vivo [69], y 
actualmente se encuentra en ensayos clínicos de fase I [70]. Sin embargo, la PEI también presenta 
cierta toxicidad sistémica [71]. Por lo tanto, el principal objetivo de este estudio ha sido desarrollar un 
nanotransportador para el poly(I:C), alternativo a la PEI, dotado con la capacidad de reeducar TAMs, y 
que podría ser adecuado para su administración sistémica. 
 
3.1. Diseño y desarrollo de los nanocomplejos 
Como primer paso para la formulación de poly(I:C), se partió de la nanotecnología recientemente 
descrita en nuestro grupo basada en la formación de complejos de octaarginina modificada 
hidrofóbicamente con polinucleótidos [72]. Para ello, se seleccionaron diferentes polímeros catiónicos 
ricos en arginina, con capacidad de interaccionar con polinucleótidos, a la vez que promover su 
penetración celular (CPPs, por sus siglas en inglés) [73,74]. Aunque inicialmente se seleccionaron la 
octaarginina (r8), un laurato de octaarginina (C12r8), y la poliarginina (pArg) para asociar el poly(I:C), 
solo los dos últimos generaron complejos con el poly(I:C). En el caso de la C12r8, es probable que su 
cadena hidrofóbica (C12) ayudase a mejorar la estabilidad de los nanocomplejos, en comparación con 
la r8 [75,76]. Para la pArg, es probable que sus largas cadenas positivas, con un gran número de puntos 
de interacción, permitiese una mejor interacción con el poly(I:C) que la r8 [77]. 
Con el fin de mejorar la estabilidad de los nanocomplejos, aplicamos la tecnología previamente 
descrita por nuestro grupo [78,79], para recubrir los nanocomplejos con ácido poliglutámico peguilado 
(PEG–PGA) o con HA, obteniendo así nanocomplejos recubiertos (ENCPs, enveloped nanocomplexes), 
con una estabilidad mejorada en medios fisiológicos. En el caso del PEG–PGA, se esperaba que la 
presencia de PEG en el exterior proporcionase una protección estérica a los ENCPs, aumentando así su 
estabilidad coloidal [80]. Al mismo tiempo, la combinación de PEG y PGA ya ha demostrado mejorar el 
acceso pasivo al tumor de NCs recubiertas con dicho polímero [81]. Como resultado de la evaluación 
de diferentes PEG–PGAs variando (i) su conformación (ramificada o dibloque), (ii) la longitud de la 
cadena de PGA, y (iii) la densidad de PEG, se observó que únicamente el polímero en forma de dibloque 
PEG20k–PGA10 era capaz de mejorar la estabilidad de los nanocomplejos tras 24 h de incubación en 
medio celular. De hecho, este mismo PEG–PGA ya permtió mejorar la estabilidad de nanocomplejos 
similares a base de C12r8 en estudios previos [78,82]. Estos resultados confirman que esta 
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combinación particular de unas pocas unidades de PGA (10) con una larga cadena de PEG (de 20 kDa) 
es útil para conseguir una buena protección estérica. 
En el caso del HA, este polímero de carga negativa fue seleccionado en base a sus propiedades 
stealth, aumentando su tiempo de circulación sistémica [83–85]. Además, se ha descrito que la 
presencia de HA recubriendo nanosistemas podría disminuir la adsorción de proteínas inmunogénicas 
[86]. En las condiciones estudiadas, los ENCPs de HA y C12r8 no fueron estables tras su incubación en 
medio celular durante 4 h, mientras que los de HA y pArg mantuvieron sus propiedades fisicoquímicas 
originales tras 24 h de incubación. 
Así pues, los sistemas seleccionados para evaluación in vitro fueron los nanocomplejos de pArg y 
poly(I:C) sin cubierta (pArg:pIC), con cubierta de PEG–PGA (pArg:pIC/PEG–PGA) o de HA (pArg:pIC/HA); 
y los de C12r8 con cubierta de PEG–PGA (C12r8:pIC/PEG–PGA). Todos ellos presentaron propiedades 
fisicoquímicas adecuadas, con tamaños inferiores a 200 nm, índices de polidispersión bajos y cargas 
superficiales variables en función del polímero de la cubierta. En todos ellos los valores de carga de 
poly(I:C) fueron muy elevados (Fig. 7A, B). Además, el poly(I:C) estaba fuertemente unido a ellos, 
protegiéndolo así de la degradación enzimática en el medio celular (Fig. 7C–E). 
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Figura 7. Propiedades fisicoquímicas y eficacia de asociación del poly(I:C) en los nanocomplejos seleccionados. 
(A) Resumen de las principales propiedades fisicoquímicas de los cuatro nanosistemas, y (B) imágenes de 
microscopía FESEM de cada uno. Los valores representan la media ± desviación estándar (n ≥ 12). Las barras de 
tamaño representan 200 nm. (C) Ensayo de desplazamiento en gel de agarosa para evaluar la capacidad de los 
nanocomplejos de asociar poly(I:C). Carriles: (1) poly(I:C) libre, (2, 4, 6, 8) son los nanocomplejos de pArg:pIC, 
pArg:pIC/PEG–PGA, pArg:pIC/HA y C12r8:pIC/PEG–PGA, respectivamente; y (3, 5, 7, 9) son los correspondientes 
nanocomplejos incubados con heparina. (D) Ensayo de desplazamiento en gel de agarosa para evaluar la 
liberación e integridad del poly(I:C) tras su incubación en medio de cultivo celular a 37 °C durante 4 h. Carriles: 
(1) poly(I:C) libre en disolución y (2) en medio de cultivo celular; (3, 5, 7, 9) son los nanocomplejos de pArg:pIC, 
pArg:pIC/PEG–PGA, pArg:pIC/HA y C12r8:pIC/PEG–PGA en medio de cultivo celular; y (4, 6, 8, 10) son los 
nanocomplejos en las mismas condiciones incubados con heparina. C12r8, laurato de octaarginina; HA, ácido 
hialurónico; p/p, peso/peso; pArg, poliarginina; PEG—PGA, ácido poliglutámico peguilado; PDI, índice de 









pArg:pIC 1:1 163 ± 14 0.20 +44 ± 3 50
pArg:pIC /PEG–PGA 1:1 :3 190 ± 14 0.18 +26 ± 8 20
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C12r8:pIC /PEG–PGA 4:1 :3 165 ± 14 0.07 +5 ± 1 12.5
Media ± desviación estándar, n ≥ 12. C12r8, laurato de octaarginina; HA: ácido hialurónico; p/p:
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3.2. Evaluación de la capacidad de los nanocomplejos de polarizar macrófagos  
La diana de los complejos de poly(I:C) es el receptor endosomal TLR3. Para confirmar que el poly(I:C) 
asociado a los ENCPs alcanzaba este receptor, se realizaron estudios de co-localización para 
determinar la distribución intracelular de este polinucleótido. Para ello, se emplearon poly(I:C) 
marcado con el fluoróforo rodamina, y CellLight®, para visualizar la molécula y el endosoma, 
respectivamente. A través de microscopía confocal se pudo confirmar que, tras 8 h de incubación, una 
gran parte del poly(I:C) (en rojo) se encontraba en el interior del endosoma (en verde) (Fig. 8A).  
Una vez confirmado que el receptor diana fue alcanzado, el siguiente paso fue determinar si el 
poly(I:C) era capaz de activarlo y, por lo tanto, de polarizar macrófagos. Para ello, primero se midió la 
expresión de diferentes marcadores de superficie asociados a fenotipos M1 proinflamatorios (CD80 y 
MHC II) o M2 protumorales (CD206 y CD163). En general, apenas se observaron cambios en los niveles 
de expresión de los receptores tanto en los macrófagos tratados con poly(I:C) libre o asociado al ENCP. 
Estos resultados están en línea con una publicación reciente sobre la evaluación del poly(I:C) y del 
imiquimod in vitro, en los que se vio una limitada capacidad del poly(I:C) para modular el ratio de 
receptores M1/M2 en la superficie de macrófagos M0 o M2 [68]. 
En base a estos datos, se evaluó la capacidad del poly(I:C) para polarizar macrófagos hacia fenotipos 
tipo M1 a través de ensayos funcionales. En primer lugar, se evaluó la habilidad de los macrófagos para 
secretar quimoquinas reclutadoras de células T citotóxicas, lo que finalmente favorece la eliminación 
del tumor [87,88]. En este caso, se observó que los macrófagos que habían sido tratados con los 
nanocomplejos de poly(I:C) secretaban altas cantidades de CXCL10 y CCL5, en comparación con 
macrófagos no tratados (Fig. 8B). Estos resultados demuestran que, aunque no se observaron cambios 
en la expresión de los receptores de superficie, otras propiedades antitumorales como el 
reclutamiento de células T citotóxicas a través de la secreción de quimoquinas, sí se mejoraron tras el 
tratamiento con los nanocomplejos. Por lo tanto, sería de esperar que, en el microambiente tumoral, 
y tras el tratamiento con los nanocomplejos, la secreción de estas quimoquinas por parte de los TAMs 
aumentase, atrayendo células T citotóxicas al tumor.  
Además de esta capacidad de activar a otras células del sistema inmune para luchar contra las 
células cancerígenas, los macrófagos también pueden atacarlas directamente. Por lo tanto, en 
segundo lugar, se estudió si los nanocomplejos de poly(I:C) eran capaces de reactivar este rasgo 
característico de los macrófagos proinflamatorios in vitro. Para ello, los macrófagos fueron pretratados 
con los diferentes nanocomplejos, y posteriormente fueron coincubados con células de tumor de 
páncreas (PANC-1) durante 48 h. Tras este tiempo, la citotoxicidad hacia las células cancerígenas de 
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los macrófagos tratados con nanocomplejos (30–40%) fue mucho mayor que la de macrófagos M0 o 
M2 (0 y -15%, respectivamente), aunque ligeramente más baja que la de los macrófagos M1 (60%) 
(Fig. 8C). Estos resultados confirman el gran potencial de los nanocomplejos de poly(I:C) para reeducar 
macrófagos para luchar de nuevo contra las células tumorales.  
 
Figura 8. Distribución intracelular de los nanocomplejos de poly(I:C), y su capacidad in vitro para polarizar 
macrófagos hacia fenotipos M1. (A) Colocalización con el endosoma del poly(I:C) marcado con rodamina de los 
nanocomplejos de pArg:pIC tras 8 h de incubación (magnificación de 100x). (B) Secreción de la quimoquina 
CXCL10 en macrófagos tratados con los diferentes nanocomplejos. (C) Toxicidad de los macrófagos pretratados 
con los nanocomplejos hacia células cancerígenas, en comparación con macrófagos M0, M1 y M2. Cada forma 
representa un donante distinto. Los valores representan la media ± desviación estándar (n ≥ 3). El análisis 
estadístico fue hecho aplicando una prueba ANOVA unidireccional seguida por una prueba de comparación 
múltiple Tukey. Las diferencias significativas están representadas como *(p < 0.05) y **(p < 0.01). C12r8, laurato 
de octaarginina; HA, ácido hialurónico; PANC-1, células de cáncer de páncreas; pArg, poliarginina; PEG–PGA, 
ácido poliglutámico peguilado; PDI, índice de polispersión; pIC, poly(I:C). 
Sin embargo, estos prometedores resultados in vitro no se trasladaron a una eficacia antitumoral 
in vivo en un modelo tumoral de ratón inmunocompetente. Aunque una correlación in vitro/in vivo no 
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limitada actividad in vivo de los ENCPs. Una de nuestras hipótesis es una mayor dificultad de los ENCPs 
para difundir en el microambiente tumoral. Aunque se esperaría que la presencia de un polímero 
hidrofílico en la superficie de los nanotransportadores mejorase su difusión [81], el tamaño de los 
ENCPs podría haber dificultado su difusión dentro del tumor. Otra hipótesis estaría relacionada con la 
fuerte afinidad del poly(I:C) hacia los polímeros de arginina, que podría limitar su liberación y su 
disponibilidad para interaccionar con el receptor TLR3. Esta liberación lenta podría haber sido 
suficiente para estimular los macrófagos in vitro, pero no en condiciones in vivo. Por lo tanto, estudios 
de escalado de dosis serían necesarios para entender mejor el comportamiento mecanístico de los 
ENCPs. 
En resumen, los nanocomplejos a base de arginina desarrollados en este trabajo fueron capaces de 
proteger y estabilizar el poly(I:C). Por un lado, el poly(I:C) llegó al endosoma, donde su receptor diana 
se encuentra, y fue capaz de polarizar macrófagos para secretar quimoquinas que atraigan a células T 
citotóxicas, además de mejorar sus propiedades citotóxicas. Sin embargo, estos prometedores 
resultados no encontraron correlación con la respuesta obtenida en un estudio exploratorio in vivo en 
el que se evaluaba la capacidad de los ENCPs para prevenir el crecimiento tumoral. Estas diferencias 
demuestran la necesidad de un mejor entendimiento de la biodistribución y la liberación intracelular 
del poly(I:C). Además, serán necesarios estudios de toxicidad in vivo tras una administración 
intravenosa para determinar el valor de esta estrategia. En este sentido, los ENCPs podrían presentar 
ventajas para la protección del fármaco. 
 
Como conclusión, en esta tesis hemos demostrado que, aprovechando la versatilidad de las NPs, el 
sistema inmune puede ser modulado tanto en el contexto de una vacuna preventiva del VIH, como en 
el tratamiento del cáncer. Esta versatilidad de las NPs, que permite unir fármacos a través de diferentes 
mecanismos, personalizar la superficie de los nanosistemas, e incluir inmunomoduladores, entre otros, 
es una herramienta de gran potencial para el desarrollo de nuevos medicamentos. Finalmente, 
también hemos demostrado que la preparación de las NPs puede ser trasladada a una planta piloto 
trabajando de acuerdo con las normas de BPF, a través de una monitorización y análisis sistemático de 
los atributos críticos de la formulación.  
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The modulation of the immune system is the base of new and promising therapies for some of the 
most prevalent and/or severe diseases of our time, such as cancer, HIV, or diabetes. The development 
of treatments based on this modulation is a field in expansion, where the contribution of 
nanotechnology is growing exponentially [2–4].  
Based mainly on the molecular principles that govern the interaction between pathogens and 
immune cells, the use of nanotechnology represents a new way of communication with the immune 
system. By mimicking the size of microorganisms (bacteria and viruses) and incorporating key 
molecules involved in the immune processes (TLR agonists, cytokines, etc.), nanocarriers can be taken 
up by the immune cells and modulate their responses. Besides, the use of nanocarriers decorated with 
targeting moieties can favor their preferential access to specific immune cell populations [3,5–10]. 
Importantly, the versatility of nanotechnology also offers the possibility of reinforcing the desired 
aspect of the immune system, either by eliciting more prominent humoral or cellular responses, or by 
re-activating the immune system to fight cancer. 
This introduction is intended to provide a general view of how nanotechnology is being used to 
modulate the immune system, and more specifically, in the topics addressed in this thesis: HIV and 
cancer. In the first section, nanoformulation strategies to target and modulate different types of 
immune cells are discussed. In a second section, the specific use of nanosystems for the development 
of vaccines against some important infectious diseases, with a special mention to HIV, is covered. In 
the third section, the advances accomplished in cancer immunotherapy thanks to the use of 
nanotechnology are also described. This introduction finishes with the hurdles that nanomedicine is 
facing to get to the market. 
 
1. Nanotechnology and the immune system 
The immune system is a complex network of organs and cells that play different and important 
roles. The crosstalk among these cells influences the different responses the immune system provides 
to external and self-antigens. Therefore, by specifically delivering antigens, drugs or 
immunomodulators to these cells, we can alter how they respond or react in different diseases [11,12]. 
In this section, a small overview regarding some immune cells that are currently being targeted for the 
modulation of the immune response, and the different nanotechnology-based approaches employed 
for this end, is provided. 
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1.1. Innate immune cells 
1.1.1. Macrophages 
Macrophages are innate immune cells that, in a simplistic manner, can be further divided in M1 
macrophages, with inflammatory properties, or M2 macrophages, with a tolerogenic phenotype 
[13,14]. These different populations are involved in infections, inflammation or in tumor development. 
For example, macrophages that have been exposed to the immunosuppressive tumor 
microenvironment are polarized towards an M2 state, thus facilitating the spreading of tumor cells 
[15]. Oppositely, during inflammatory diseases, macrophages are continuously activated with an M1 
phenotype [16]. Therefore, modulating macrophages has a great interest from a therapeutic 
perspective. 
Macrophages can be targeted following different nanotechnology approaches. The optimal particle 
size for the efficient passive targeting of macrophages is still a controversial issue [1]. Early studies 
suggested a preference for micrometric sizes to improve macrophage uptake [17,18], although more 
recent studies have reported a preferential uptake for small nanometric sizes [19,20]. For example, a 
recent work using both, in vitro cell cultures and an in vivo zebrafish model, showed that small 
nanocapsules (NCs) (100 nm) were taken up more efficiently by macrophages than the medium-size 
ones (200 nm) [21], a tendency that was later corroborated in healthy mice [22]. With regard to the 
effect of the surface charge, contradictory results have also been reported [1]. However, the general 
trend points out to a preferable uptake of positively charged nanosystems as compared to the 
negatively charged or neutral ones. As an example, we recently observed an enhanced uptake of 
chitosan NCs as compared to the one of negatively charged inulin NCs [21]. It is to note that the value 
of the uptake data observed in the in vitro studies should not be overestimated as the biodistribution 
and diffusion across tissues are determinant barriers for the access of the particles to the cells.  
The NP’s composition can also play an important role in the interaction with macrophages. Some 
works have proposed the use of hyaluronic acid (HA) to improve the uptake by macrophages, through 
their interaction with the CD44 receptor [23,24]. In this sense, a systematic study aimed at evaluating 
the expression of CD44 by M0, M1 and M2 macrophages concluded that the expression of this receptor 
varies within the different phenotypes (M1 > M0 ≥ M2) [25]. However, a more efficient internalization 
was observed for the lower CD44 expression [25]. Therefore, the relevance of the CD44 expression 
from the targeting perspective remains questionable. On the other hand, it has been reported that 
high molecular weight (MW) HA (over 1 MDa, similar to the endogenous) is non-immunogenic and 
rather anti-inflammatory, while low MW HA (<200 Da) is able to activate macrophages [26]. This effect 
has been attributed to the potential interaction of hyaluronan fragments with TLR2 and 4 [27–29]. 
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Indeed, HA-conjugated manganese NPs (MW 40 kDa) were shown to polarize macrophages in vitro 
towards M1 pro-inflammatory phenotypes, process that was mediated by the HA [30]. At the same 
time, liposomes coated with a high MW HA (1.5 MDa) were able to decrease the production of M1-
like cytokines in vitro [31,32]. These polarization effects of low MW HA towards M1 states and high 
MW towards M2 phenotypes have also been reported for soluble HA [33,34]. On the contrary, Peer 
and collaborators studied a library of polystyrene NPs coated with different HA MWs (ranging from 6 
to 1500 kDa), and observed no effect of the MW of HA on macrophage viability nor in cytokine 
secretion [35]. This absence of stimulatory properties of HA are in agreement with other studies 
claiming the capacity of HA to enhance the circulation time of NPs [36–38]. These stealth properties 
of HA are also in relation with the observed protein corona formed over HA-coated NPs, which 
contained some anti-inflammatory proteins rather than immune-activating proteins [39]. Overall, 
these data suggest that the macrophage-polarizing properties of HA, if existing, are rather limited. In 
this sense, it could be speculated that the combination with active compounds that are able to drive 
more efficiently these polarizations are key to elicit significant therapeutic effects. 
Dextran is another polysaccharide known to be recognized by the scavenger receptors in 
macrophages. The conjugation of methotrexate to a 5-kDa dextran sulfate led to an improved uptake 
by macrophages, biodistribution to inflamed joints, and therapeutic effect versus the non-conjugated 
drug, both in vitro and in vivo [40,41]. Additionally, dextran sulfate improved the in vivo biodistribution 
to inflamed joints of the conjugates, in comparison to dextran [41]. Macrophage uptake was also 
reported to be dependent of dextran MW (10, 70 and 500 kDa), where the higher MWs were better 
taken up by macrophages in obese mice [42]. Furthermore, a conjugate of the 70-kDa dextran with an 
anti-inflammatory drug was more effective than the free drug alone [42]. 
Small sugar molecules, notably mannose, have been extensively used for active targeting to 
macrophages [43]. Indeed, mannose modification of solid lipid NPs improved their uptake by alveolar 
macrophages, in comparison to the plain NPs [44]. Conjugating mannose to liposomes was able to 
increase the presence of the NPs in lung tumors, which was associated to a great uptake by 
macrophages [45]. Other studies have decorated dendrimers with this sugar to direct an anti-
atherosclerotic agent to macrophages over hepatocytes, reducing the atherosclerotic plaque 
development [46]. Similarly, exploiting the overexpression of galactose specific C-type lectins in tumor-
associated macrophages has also generated promising therapeutic results [47]. 
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1.1.2. Dendritic cells 
Dendritic cells (DCs) are the most important antigen presenting cells (APCs), and can be described 
as the bridge between innate and adaptive immune responses [48,49]. These cells capture antigens 
and present them to T cells, together with other co-stimulatory signals, triggering different immune 
responses (Fig. 1) [49]. 
With regard to the properties of the particles that determine their interaction with DCs, it has been 
reported, both in vitro and in vivo, that nanometric particle sizes are preferable than micrometric sizes, 
[1], and that small NPs (100 nm) are better internalized than medium size NPs (200 nm) [22,50]. As in 
the case of macrophages, positively charged nanoparticles are also more efficiently taken-up than 
negative or neutral-charge nanoparticles (NPs) [1].  
Different strategies have been described in the literature to actively target DCs, these including the 
functionalization with mannose and also with antibodies (Abs) against specific DCs receptors [51,52]. 
In fact, conjugating ovalbumin (OVA) or a Plasmodium falciparum antigen to mannose and a TLR7 
agonist, increased the uptake by DCs by mannose-binding C-type lectins, and at the same time 
generated important humoral and cellular responses against the antigens [52]. On the other hand, the 
decoration of pegylated poly(lactic-co-glycolic) acid (PEG–PLGA) NPs, containing TLR agonists, with Abs 
targeting different surface receptors (CD40, CD11c or DEC-205) resulted in an efficient CD8 T cell 
activation, both in vitro and in vivo [53].  
 
1.1.3. Myeloid-derived suppressor cells  
An heterogeneous group of cells of myeloid origin is included under the name of myeloid-derived 
suppressor cells (MDSCs) [54]. In general, MDSCs have a suppressive effect over T cell responses, and 
they expand during the course of cancer, inflammation or infections [54]. Therefore, impairing MDSCs 
development, decreasing their numbers or depleting them will partially prevent the suppression of the 
immune response against tumors. Based on the capacity of 25 nm pegylated poly-propylene sulfide 
micelles to self-drain to the lymph nodes and interact with MDSCs, loading them with the anti-tumoral 
drug thioguanine was able to deplete MDSCs and improve the therapeutic efficacy of adoptive T cell 
therapy [55]. In a different study, the combination of gemcitabine-loaded lipid NCs with adoptive T cell 
therapy resulted in a slight improve of the in vivo effect of the T cell therapy [56]. Recently, an 
innovative approach involving the attraction of MDSCs with the chemokine CCL2, together with an 
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1.1.4. Natural killer cell and natural killer T cells 
Natural killer (NK) cells are innate lymphoid cells known due to their cytotoxic functions [58]. They 
can be divided in two main groups, one of them specialized on the secretion of inflammatory cytokines 
and the other one on cell-mediated killing. In parallel, there is another cell group under the name of 
natural killer T (NKT) cells, that are T cells with innate-like properties, that recognize lipidic antigens 
and that can have inflammatory or immunosuppressive properties [59]. 
To this date, not many nanotechnology approaches have been focused on specifically targeting 
these cells, but on activating them through the expression of the glycolipid α-galactosylceramide, 
known to stimulate NKT subsets [60,61]. Indeed, both studies showed an increased number of 
infiltrating NK and NKT cells upon treatment with the NPs containing α-galactosylceramide [60,61]. 
Similarly, trying to modulate the different immune cells found in the tumor microenvironment, lipid-
coated silica NPs loaded with doxorubicin (as chemotherapeutic agent), all-trans retinoic acid (as both 
a chemo-sensitizer and MDSC modulator) and IL-2 (to increase the proliferation of T and NK cells), 
were shown to reduce the number of MDSC, while increasing the infiltrated NK and T cells in the tumor 
microenvironment [62].  
 
1.1.5. Neutrophils 
Neutrophils are circulating leukocytes that, during tissue damage or infection, are recruited to 
secret inflammatory cytokines [63,64]. An exacerbated activation of these cells is often associated to 
inflammatory diseases [63]. In cancer, neutrophils, like macrophages, suffer the Th1/Th2 paradigm, 
making them potential targets for immune modulation [64]. 
Currently, only a few reports have used NP-based systems to target neutrophils, and mainly in the 
context of inflammatory diseases. For example, cationic lipid NPs were employed to deliver a CRISP-
Cas9 plasmid to hepatic neutrophils, aiming at decreasing the expression of neutrophil elastase, and 
as a result, diminish neutrophil infiltration and insulin resistance [65]. These cationic NPs were actually 
highly taken up by hepatic neutrophils in vivo, and induced anti-inflammatory effects in obese and 
diabetic mice [65]. Others have shown an increased uptake of albumin NPs only by activated 
neutrophils, in comparison to inactivated neutrophils or activated monocytes [66].  
 
1.2. Adaptive immune cells 
1.2.1. T cells 
T cells are part of the adaptive arm of the immune system [49]. CD4 T cells are involved in the 
crosstalk with B cells, helping them in the generation of Abs (Fig. 1) [49]. On the other hand, CD8 T 
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cells are able to directly kill pathogens, infected cells and cancer cells (Fig. 1) [49]. Nevertheless, 
especially in the tumor microenvironment, these CD8 T cells might remain unresponsive towards 
cancer cells, a fact that makes them an interesting population to target. As shown in Figure 1, T cells 
are mainly activated by DCs, therefore many therapeutic strategies that ultimately activate T cells are 
focused on targeting DCs, as previously described.  
Other approaches have explored strategies to directly interact with T cells. For example, some 
authors developed artificial antigen presenting cells (aAPCs), displaying both major histocompatibility 
complex molecules and co-stimulatory signals on their surface [67]. These aAPCs, alone or in 
combination with other anti-PD-1 mAbs, efficiently activated CD8 T cells [68–70]. Other studies have 
functionalized NPs with PD-1 ligands, in order to take advantage of the expression of this protein on 
the surface of the CD8 T cells present in the tumor microenvironment (further described in section 3). 
T-cell targeting NPs have also shown advantages for the chimeric antigen receptor (CAR)-T cell 
therapies. CAR-T cells are the only adoptive T cell therapies that have been so far approved by the FDA. 
The manufacturing of these cells is based on isolating T cells from patients and genetically modify them 
through an ex vivo viral transfection, so they express the receptor that targets a specific cancer protein 
[71]. Then, the re-engineered T cells are expanded and transplanted back to the patients [71]. It has 
been reported that, by using CD3-targeted polymeric NPs loading an mRNA cargo during this ex vivo 
viral transfection, the efficacy and safety of the manufactured CAR-T cells was improved [72]. In 
parallel, the same NPs, but this time carrying a CAR-coding DNA, had the ability to generate CAR-T cells 
in vivo, as an alternative to the current ex vivo viral transfection [73]. 
 
1.2.2. B cells 
B cells are in charge of the Ab production and, therefore, the humoral response. In general, B cells 
interact directly with the antigens, and upon their co-stimulation by CD4 T cells, they secrete Abs 
against the antigen (Fig. 1, top panel) [74]. Most of the classical vaccines against infectious diseases 
are based on eliciting important humoral responses. Indeed, it has been shown that alum, the most 
common adjuvant found in vaccines, has the capacity to generate important Ab responses, although 
the exact mechanism has not yet been elucidated [75].  
So far, B-cell targeting strategies have been pursued mostly for the improvement of vaccines 
against infectious diseases. Examples of nanotechnology applied with this end related on a display of 
the antigens on the surface of NPs, following a repetitive pattern, for an augmented activation of B 
cells [76,77]. More examples of B cell activation and germinal center targeting are mentioned in 
section 2. 
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2. Nanovaccines and infectious diseases 
During the last decades, significant efforts have been made to develop nanosystems capable of 
inducing protective immune responses against a variety of antigens. This section starts with a summary 
of the first reports about the potential of nanotechnology for the development of new vaccines. Next, 
an overview of the work done for those infective diseases that still remain elusive to vaccination, such 
as Hepatitis B, malaria or, in an extensive manner, HIV, is presented. For these diseases, where strong 
cellular responses are needed, nanotechnology might be a promising solution to obtain effective 
vaccines. Finally, the current nanotechnology-based adjuvants in the market are described. 
 
2.1. The early steps of nanovaccinology 
The potential of nanotechnology for vaccine application was first described by Birrenbanch and 
Speiser, who reported increased IgG levels against tetanus toxoid when polyacrylamide NPs were used 
as adjuvants [78]. Later, Preis and Langer introduced the concept of “single-dose vaccines” while they 
developed polymeric microparticles for long-term controlled protein release [79]. Following this trend, 
in the 90’s, the World Health Organization started the initiative of single-dose vaccines for tetanus 
toxoid. Despite initial good results with PLGA-based systems, the acidification caused by the polymer 
degradation led to the partial loss of the antigen activity [80]. The inclusion of poloxamers, oily 
components, the decrease in particle size and pegylation of the systems were some of the approaches 
that our group explored with the idea of enhancing the performance of these antigen delivery systems 
[81–84]. 
Following this initial trend, many others have oriented their work to the development of 
nanotechnology-based vaccines. In general, the vast majority of the nanovaccines reported in the 
literature are based on using model proteins and peptides, such as OVA or its derivatives (e.g., 
SIINFEK). Although of great interest for vaccine design, optimization and validation, in the next sections 
we have aimed at highlighting those works employing antigens for preventing some of the most 
devastating infectious diseases of our time: Hepatitis B, malaria and HIV.  
 
2.2. Hepatitis B 
Our group has been involved in the development of nanoformulations of the recombinant hepatitis 
B surface antigen (rHBsAg). In particular, rHBsAg was associated to chitosan NPs and NCs and 
administered by the intramuscular route. The results showed an robust IgG response, that was higher 
than the one observed for the reference standard alum [85–87]. Moreover, more balanced Th1/Th2 
profiles were obtained [86]. 
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The tendency in the last years has been to design nanosystems that combine the intrinsic targeting 
properties of nanocarriers with the encapsulation of adjuvants. For example, our group developed CS 
NCs containing adjuvants such as squalene and imiquimod (TLR7 agonist) [88]. The results of the 
response attained after intranasal administration of this formulation showed its capacity to generate 
enhanced and long-lasting IgG levels [88]. More recently, a layer-by-layer approach was used to 
envelop the rHBSAg viral particles with a cationic polymer (protamine or polyarginine), followed by an 
anionic layer of poly(I:C) [89]. These nanostructures were able to elicit a more balanced Th1/Th2 ratio 
after both, intranasal and intramuscular administrations [89]. 
 
2.3. Malaria 
The development of an effective vaccine against malaria has also attracted a lot of attention in the 
last decades. In 2015, GSK licensed a vaccine under the name of MosquirixTM, that contains the 
circumsporozoite protein of Plasmodium falciparum and the liposome-based adjuvant AS01, 
composed by monophosphoryl lipid A (MPLA) and the saponin QS21 [90]. This new vaccine has shown 
good safety profiles and an efficacy rate of 50% [91], leaving the door open for new improved systems. 
In this regard, some critical advances have been made thanks to the use of nanotechnology. For 
example, Moon et al. developed two different formulations of the VMP001-malaria antigen. One of 
them consisted of PLGA NPs with a phospholipidic coating [92], and the other one of multilamellar 
vesicles [77], both of them carrying the malaria antigen on the surface. The subcutaneous 
administration of both formulations in the presence of the adjuvant MPLA led to strong humoral and 
cellular responses, as well as a more balanced Th1/Th2 profile [77,92]. More recently, the conjugation 
of the circumsporozoite protein to mannose and a TLR7 molecule outperformed the gold standard 
AS01, both in the elicited IgG levels and in the CD8 T cell activation extent [52]. 
 
2.4. HIV  
The development of an HIV vaccine is another global challenge. According to the World Health 
Organization, AIDS continues to kill over 1 million people per year [93]. Currently, the most promising 
vaccine evaluated in clinical trials was based on the combination of a viral vector expressing the group 
antigens (Gag) and the protease, together with the HIV gp120 envelope (Env) recombinant 
glycoprotein adsorbed onto alum, which demonstrated a modest 31% efficacy [94]. These results 
highlight the importance of continuing the search for new HIV nanovaccines. Overall, the major 
obstacles for an HIV vaccine are the choice of an effective immunogen, and the development of a 
nanosystem with the capacity to generate a potent immune response [95,96].  
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Briefly, the two main current strategies for the development of an effective HIV vaccine are: (i) a B-
cell and germinal center focused therapy involving the generation of broadly-neutralizing (bN)Abs (Fig. 
2Ai) [97]; or (ii) a therapy involving the stimulation of a combination of cellular and humoral responses, 
as those reported in the RV144 study (Fig. 2Aii) [98,99]. Additionally, vaccination schedule is also an 
important aspect to consider for developing an efficient vaccine. For example, it has been recently 
shown that, in humans, priming with a DNA vector, followed by the administration of a recombinant 
poxvirus vector (NYVAC), induces a rapid Ab and T cell activation [100]. In any case, whether one of 
the previous strategies, or a combination of them, will lead to an effective vaccine is still under debate 
[99]. Nevertheless, the knowledge generated through all these studies will certainly bring us closer to 
an effective vaccine. 
With regard to the use of nanotechnology to enhance the generation of antibodies against HIV, a 
strategy adopted by several authors has involved the use of liposomes displaying HIV Env-trimers on 
their surface in order to target B cells. As a result, an enhancement on the IgG titers and neutralizing 
Abs in mice was observed [101–103]. In another study, multilamellar liposomes were evaluated as a 
potential carrier for the Env gp140 trimers [104]. This new composition resulted in Th1/Th2 balanced 
profiles and increased titers against the antigens in the vaccinated mice [104]. Interesting results were 
also reported when mixing the soluble immunogens Env and Gag, with PLGA-based NPs loaded with 
TLR 4/7/8 adjuvants [105]. This combination led to an enhanced protection of non-human primates 
(NHPs) against twelve intravaginal challenges [105]. In an approach more focused to directly generate 
bNAbs, the administration of lipid NPs containing a mRNA encoding for the light and heavy chains of 
an anti-HIV bNAb was able to elicit high levels of the Abs in the treated mice [106]. Furthermore, 
humanized mice vaccinated with this mRNA vaccine were protected against an HIV intravenous 
challenge [106].  
Another strategy aimed at stimulating both, B and T cells, has made use of two liposomal 
formulations, one of them displaying an Env-derived peptide and encapsulating a T-helper peptide, 
and another one loaded with cyclic di-GMP. This combination resulted in enhanced CD4 and CD8 T cell 
responses, and high-titer and more durable humoral responses in mice. However, the immune sera 
did not neutralize HIV [107]. Another exploratory study has made use of gold NPs functionalized with 
mannose and carrying HIV-derived peptides. This vaccine candidate led to increased CD4 and CD8 T 
cell responses in vitro [108]. DNA vaccination using synthetic nanocarriers has also been explored for 
HIV. For example, an HIV DNA vaccine complexed with a mannosylated cationic lipid was found to 
improve the B and T cell responses against the Env protein in mice [109]. Whether these designs will 
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indeed be able to protect against HIV in larger animal models, and ultimately in humans, is still to be 
defined.  
The HIV protease cleavage sites (PCSs) have been presented as an alternative to the above-
mentioned immunogens (Fig. 2Aiii). The correct and sequential cleavage of the proteins Gag, Pol and 
Nef in twelve specific sites is crucial for the correct maturation of the virus [110–112] (Fig. 2B). 
Therefore, it has been proposed that the interruption of this process will be able to stop HIV infection 
[110,111,113]. Furthermore, since these PCSs are highly conserved sequences among HIV-1 viruses, 
problems related to the high mutation of HIV could also be overcome. Following this approach, NHPs 
were vaccinated with both, the recombinant viral vectors containing the plasmids encoding for the 
twelve sequences, and with antigen-loaded chitosan/dextran sulfate NPs. Overall, high IgG levels were 
elicited after vaccination [114]. A different study showed a significantly higher level of protection in 
NHPs vaccinated with the same formulations after several challenges with low doses of an SIV strain, 
in comparison to the group vaccinated with the empty viral vectors [115]. Therefore, these alternative 
antigens represent an interesting strategy in the development of an HIV vaccine. 
 
Tamara Gómez Dacoba 
 78 
 
Figure 2. Overall summary of the main antigens currently under investigation for the development of an HIV 
vaccine. (A) (i) Different structures of the surface of the HIV virus have been employed in order to elicit broadly 
neutralizing antibodies (Env, CD4 binding site, V3 loop and surrounding glycans, membrane proximal region 
(MPER)…). (ii) Full-length proteins Gag and Pol, together with some Env proteins or peptides, have been used in 
the quest for generating both antibodies and cellular responses. (iii) The protease cleavage sites, highly 
conserved regions of the viruses, have been employed in order to generate antibodies and cellular responses. 
(B) HIV protease cleavage sites location in the Gag, Pol and Nef proteins, and fragments generated after the 
cleavage. The twelve peptide antigens are twenty amino acid sequences that overlap each of these twelve 
sequences (ten amino acids before and ten after each cleavage site). Images from (A) are reproduced and 
adapted from Servier Medical Art under a Creative Commons Attribution 3.0 Unported License. 
https://creativecommons.org/licenses/by/3.0. (B) was modified from [111] and reproduced under a Creative 
Commons Attribution 4.0 International License. http://creativecommons.org/licenses/by/4.0/.  
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2.5. Marketed adjuvants 
As a result of all these investigations, some nanotechnology-based adjuvants are already 
commercialized (Table 1). This is the case of MF59, a nanoemulsion of squalene, Span 85® and Tween 
80®, which can be found as part of a flu vaccine owned by Novartis [116]. Similarly, GSK has the 
adjuvant AS03, made of squalene, tocopherol and Tween 80®, as also part of the flu vaccine Pandemrix 
[117]. Finally, the adjuvant AS01 found in the malaria vaccine described in section 2.3, is a liposome-
based nanosystem. Overall, so far, synthetic lipidic-based systems are the ones that have made their 
way to the patients. 
Table 1. Commercialized nanotechnology-based adjuvants for human use 
Adjuvant / Company Composition Disease Licensing year 
MF59 / Novartis Squalene, Span 85® and Tween 80® Influenza 1997 
AS03 / GSK Squalene, tocopherol and Tween 80® Influenza 2009 




Besides these adjuvants, some current vaccines against the human papilloma virus (HPV) and 
hepatitis B are based on virus-like particles (VLPs) [118]. 
 
3. Nanoimmunotherapies in cancer  
The importance of the immune system in cancer progression, and the subsequent exploitation of 
this information, is just beginning. Although the concept of cancer immunotherapy dates from the late 
XIX century, its impact was only materialized in the last decades [119]. Understanding the role and the 
potential interventions over the immune system in order to potentiate its response against cancer, is 
the base of these therapies [120]. As illustrated in Figure 3, there are numerous factors involved in the 
immune response against cancer. At each point, different molecular cues can enhance or inhibit these 
steps, biasing the final outcome towards either cancer progression or elimination [121]. From a 
therapeutic perspective, by boosting or blocking the factors involved in the cancer-immunity cycle, the 
immune system can be redirected towards preventing tumor progression, and ultimately leading to 
tumor elimination. 
It is interesting to note the increasing number of immunotherapies on the market (Table 2), using 
different pharmacological strategies, that will be described in the following sections. Unfortunately, 
many other immunotherapies have not reached the market due to their significant side effects [122]. 
This important drawback has opened the door for nanotechnology, since it offers strategies to 
facilitate the accumulation of active compounds in the target site, thereby reducing their off-target 
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effects [123,124]. Furthermore, even for local administration, the use of NPs to increase the retention 
in the injection site has proved to be advantageous in comparison to the use of the soluble forms [124]. 
Table 2. Summary of the immunotherapies currently approved for cancer treatment. 
Type Therapies Mechanism Cancer 
Checkpoint blockade 
CTLA4 mAb Ipilimumab CTLA4 blockade Melanoma 
PD-1 mAb Pembrolizumab 
Nivolumab 
PD-1 blockade Melanoma, NSCLC, Hodgkin 
lymphoma, advanced gastric 
cancer, head and neck cancer, 
advanced urothelial bladder 
cancer, colorectal cancer and 
hepatocellular cancer 
PD-L1 mAb Atezolizumab 
Avelumab 
Durvalumab 
PD-L1 blockade Urothelial cancer, NSCLC, 
Merkel cell carcinoma 
Cytokines 




Lymphocyte stimulation HCL, CML, melanoma, follicular 
lymphoma and Kaposi sarcoma 
Recombinant IL-2 Aldesleukin Lymphocyte stimulation Melanoma and kidney cancer 
TLR agonists 
TLR7 agonista Imiquimod Stimulates production of 
TNF, IL-12 and IFN-γ 
Basal cell carcinoma 
TLR2, 4 and 9 agonistb Bacillus 
Calmette–Guérin 
Activation of TLR2, 4 and 
9 
Bladder cancer 
TLR4 agonistc Monophosphoryl 
lipid A (MPLA) 
Boosts response against 
antigen (as part of AS04) 
Prevention of cervical cancer 
Vaccines 
PBMCs pre-activated 
with GM-CSF and PAP 
Sipuleucel T Activates immune 
response against PAP 
Prostate cancer 
Engineered T cells 
CAR-T cells Tisagenlecleucel 
Axicabtagene 
ciloleucel 
C19-specific T cells B-cell ALL and non-Hodgkin 
lymphoma 
Large B-cell lymphoma 
Others 
Oncolytic virus Talimogene 
laherparepvec 
Modified HSV that 
replicates inside tumors 
and produces GM-CSF 
Melanoma 
Bispecific Ab  Blinatumomab CD19 + CD3 bispecific Ab B-cell ALL 
aNot well stablished whether the mechanism of action depends only on a direct TLR7 activation. 
bNormally included in the group of vaccines (TLR activation mechanism). 
cMPLA is approved as part of the adjuvant AS04. It is not considered an immunotherapy, but a preventive vaccine. 
ALL, acute lymphoblastic leukemia; CML, chronic myelogenous leukemia; GM-CSF, granulocyte-macrophage 
colony-stimulating factor; HCL, hairy cell leukemia; HSV, herpes simplex virus; mAb, monoclonal antibody; NSCLC, 
non-small-cell lung cancer; PAP, prostatic acid phosphatase; PBMCs, peripheral blood mononuclear cells. 
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In the following lines, the benefits of the combination of nanotechnology and immunotherapies are 
underlined. We describe how the use of biomaterials and NPs can decrease the resistance towards 
checkpoint inhibitors, or the systemic toxicity of toll-like receptor agonists, with a special mention to 
poly(I:C). Finally, the use of mRNAs for cancer vaccines, and the exploitation of neoantigens is also 
commented.  
 
Figure 3. The cancer – immune cycle. The generation of immunity to cancer is a cyclic process that can be self-
propagating. This cycle can be divided into seven major steps, starting with the release of antigens from the 
cancer cell and ending with the killing of cancer cells. Each step requires the coordination of numerous factors, 
both stimulatory and inhibitory in nature. Stimulatory factors (green) promote immunity, whereas inhibitors 
(red) help keeping the process in check and reduce immune activity and/or prevent autoimmunity. IL, interleukin; 
TNF, tumor necrosis factor; IFN, interferon; CDN, cyclic dinucleotide; TLR, Toll-like receptor; CTLA4, cytotoxic T-
lymphocyte antigen-4; PD-L1, programmed death-ligand 1; CXCL/CCL, chemokine motif ligands; VEGF, vascular 
endothelial growth factor. Although not illustrated, it is important to note that intratumoral T regulatory cells, 
macrophages, and myeloid-derived suppressor cells are key sources of many of these inhibitory factors. This 
image has been minimally modified and reproduced with permission from [121]. 
 
 
to (st p 4) and infiltrate t tumor bed (st p 5), specifically recog-
nize and bind to cancer cells through the interaction between its
T cell receptor (TCR) and its cognate antigen bound to MHCI
(step 6), and kill their target cancer cell (step 7). Killing of the can-
cer cell releases additional tumor-associated antigens (step 1
again) to increase the breadth an depth of the p ns in sub-
sequent revolutions of the cycle. In cancer patients, the Cancer-
Immunity Cycle does not perform optimally. Tumor antigensmay
not be detected, DCs and T cells may treat antigens as self rather
than foreign thereby creating T regulatory cell responses rather
than effector responses, T cells may not properly home to
tumors, may be inhibited from infiltrating the tumor, or (most
importantly) factors in the tumor microenvironment might sup-
press those effector cells that are produced (reviewed by Motz
and Coukos, 2013).
The goal of cancer immunotherapy is to initiate or reinitiate a
self-sustaining cycle of cancer immunity, enabling it to amplify
and propagate, but not so much as to generate unrestrained
autoimmune inflammatory responses. Cancer immunotherapies
must therefore be carefully configured to overcome the negative
feedback mechanisms. Although checkpoints and inhibitors are
built into each step that oppose continued amplification and can
dampen or arrest the antitumor immune response, the most
effective approaches will involve selectively targeting the rate-
limiting step in any given patient. Amplifying the entire cycle
may provide anticancer activity but at the potential cost of
unwanted damage to normal cells and tissues. Many recent clin-
ical results suggest that a common rate-limiting step is the im-
unostat function, immunosuppression that occurs in the tumor
microenvironment (Predina et al., 2013; Wang et al., 2013).
Initiating Anticancer Immunity: Antigen Release,
Presentation, and T Cell Priming
Attempts to activate or introduce cancer antigen-specific T cells,
as well as stimulate the proliferation of these cells over the last 20
years, have led to mostly no, minimal or modest appreciable
anticancer immune responses. The majority of these efforts
involved the use of therapeutic vaccines because vaccines can
be easy to deploy and have historically represented an approach
that has brought enormous medical benefit (reviewed by Pal-
ucka and Banchereau, 2013). Yet, cancer vaccines were limited
on two accounts. First, until recently, there was a general lack of
understanding of how to immunize human patients to achieve
potent cytotoxic T cell responses. This limitation reflects
continued uncertainties concerning the identities of antigens to
Figure 1. The Cancer-Immunity Cycle
The generation of immunity to cancer is a cyclic process that can be self propagating, leading to an accumulation of immune-stimulatory factors that in principle
should amplify and broaden T cell responses. The cycle is also characterized by inhibitory factors that lead to immune regulatory feedback mechanisms, which
can halt the development or limit the immunity. This cycle can be divided into seven major steps, starting with the release of antigens from the cancer cell and
ending with the killing of cancer cells. Each step is described above, with the primary cell types involved and the anatomic location of the activity listed. Ab-
breviations are as follows: APCs, antigen presenting cells; CTLs, cytotoxic T lymphocytes.
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3.1. Checkpoint blockade 
So far, the use of monoclonal (m)Abs to target the immune checkpoints is the most common 
strategy followed in cancer immunotherapy. To this point, as shown in Table 2, six different mAbs 
against the cytotoxic T lymphocyte antigen 4 (CTLA4) and the programmed cell death 1 (PD-1) protein, 
or its ligand 1 (PD-L1), are already in the clinic [125]. CTLA4 is an membrane protein in activated T cells, 
that binds to CD80 and CD86 co-stimulatory molecules with a higher affinity than the natural CD28 
receptor, therefore blocking one of the T cell stimulatory signals and leading to T cell attenuation 
[126,127]. PD-1 is also a membrane protein expressed in activated T cells, allowing them to recognize 
foreign structures that do not express its ligand PD-L1. As a scape mechanism, tumor cells are able to 
express PD-L1, avoiding their recognition by T cells [127]. Targeting and blocking any of these receptors 
(or their ligands) allows a continuous activation and proliferation of T cells, killing tumor cells. 
Unfortunately, these therapies carry some downsides, mainly due to important immune-related side 
effects [127,128], resistance mechanisms or lack of responsiveness in some patients [129]. As a 
consequence, more advanced therapies involving a combination of pharmacological entities are being 
considered as the next step in immunotherapy. 
Within this context, NPs can be used to ameliorate this resistance or decrease toxicity. Indeed, the 
encapsulation of an anti-PD-1 mAb in pegylated PLGA NPs was able to decrease the drug dose 
necessary for an effective therapeutic effect in a murine melanoma model. This positive outcome was 
attributed to the accumulation of the NPs in the spleen, where a significant population of APCs 
expressing PD-1 can be found [130]. A different approach made use of microneedles with pH-sensitive 
dextran NPs containing an anti-PD-1 mAb and a pH-triggering molecule (glucose oxidase) [131]. The 
sustained release of the mAb from the patch applied over the tumour area was more efficacious in 
terms of tumor growth than the intratumoral administration of the free mAb [131]. Similarly, the 
sustained release of an anti-PD-1 peptide from PLGA NPs was more efficient than the single 
administration of the free peptide [132]. In this case, the combination with photothermal ablation was 
able to improve mice survival in comparison to the separated therapies, together with an increased 
anti-tumoral effect in distant tumors [132]. 
A combination therapy involving an anti-PD-L1 mAb and 4-1BB (a co-stimulatory receptor in 
effector T cells) has also been presented in the form of iron-dextran NPs [133]. This construct was 
found to block PD-L1 in tumor cells, while activating the co-stimulatory signal of CD8 T cells and, hence, 
inducing CD8 T cell expansion [133]. A different approach has relied on the use of siRNA-containing 
NPs for silencing the expression of the checkpoint inhibitors. For example, a CTLA-4 siRNA was 
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encapsulated in hybrid lipid pegylated-poly-glutamic acid NPs, increasing the level of CD8 T cell 
infiltrates in the tumor, together with an improved survival in tumor-bearing mice [134].  
 
3.2. Pathogen-associated molecular patterns (PAMPs) 
Toll-like receptors are the most well-known pattern recognition receptors, with the capacity to 
sense pathogen-associated cues. A total of ten TLRs have been identified in humans, and they can be 
found either on the external membrane of APCs (TLR1, 2, 4, 5, 6 and 10) or inside the endosomes 
(TLR3, 7, 8 and 9) [135]. Simplistically, external TLR recognize bacterial pathogens, while intracellular 
TLRs detect viral infections [135,136]. The activation of TLRs triggers MyD88 or TRIF cascades, which 
upregulate different inflammatory pathways [135,136]. As shown in Table 2, three different TLR 
agonists have been marketed for cancer therapy: the bacillus Calmette-Guérin, monophosphoryl lipid 
A (TLR4 agonist) and imiquimod (TLR7 agonist) [137]. In the case of the bacillus Calmette-Guérin, it is 
known that its therapeutic effect is through the activation of TLR2, TLR4 and TLR9 [137,138]. 
Imiquimod is a TLR7 activator, although its therapeutic effect in basal cell carcinoma could be 
dependent on other additional mechanisms [139]. Finally, for MPLA, included in the adjuvant AS04, 
the mechanism of action has not been fully elucidated. In addition to these marketed 
immunomodulators, in a preclinical setting, there are several agonists of TLR3, TLR7, TLR7/8, and TLR9 
being evaluated [140]. An overview of their use in the form of NPs is provided below. 
 
3.2.1. TLR3 agonists 
Upon contact with double stranded (ds)RNA, TLR3 upregulates the TRIF pathway, ultimately 
stimulating the expression of IFN-I genes and generating pro-inflammatory features [141]. A synthetic 
dsRNA name as poly(I:C) is the most used TLR3 agonist at the preclinical level [141]. Currently, there 
are three derivatives of poly(I:C) in clinical trials: Ampligen®/Rintolimod® (polyI:C12U), a poly(I:C) with 
an uridine residue every twelve cytosines in one of the RNA chains, that has demonstrated less toxicity 
and higher stability than the original poly(I:C) [142]; Hiltonol®, which is a poly(I:C) stabilized with poly-
lysine and carboxymethylcellulose, known as poly-ICLC [143]; and BO-112, which is a polyplex of 
poly(I:C) and polyethyleneimine [144].  
TLR3 agonists have been used as a single immunostimulant therapy and also in combination with 
tumor antigens. Besides the TRIF activation, some reports have claimed that the anti-tumor effect of 
poly(I:C) is due to the activation of the MDA5 and RIG-I intracellular receptors in tumor cells, with the 
subsequent apoptotic cell death [145,146]. Other recent works have been focused on the ability of this 
dsRNA to polarize tolerogenic M2 macrophages towards anti-tumoral M1 phenotypes in the tumor 
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microenvironment [147]. Despite these positive responses, this immunostimulant is known to cause 
important systemic side effects [148]. As a consequence, poly(I:C) needs to be administered by 
intratumoral injection. To solve this limitation, several tumor targeting approaches based on the use 
of nanocarriers have been reported. For example, the incorporation of poly(I:C) within liposomes was 
shown to increase the CD8 T cell response in vaccinated mice, while the systemic toxicity of the free 
form was decreased [149,150]. Similarly, it has been reported that the inclusion of poly(I:C) within 
chitosan NPs, or micelles, together with antigens and other modulators, may lead to important anti-
tumor responses [151,152]. Alternatively, the association of poly(I:C) to iron oxide NPs resulted in an 
immune activation [153], and an improved therapeutic effect in different cancer models [154,155]. 
This still emerging activity has already led to the phase I clinical trials evaluation of a nanotechnology-
based poly(I:C) formulation consisting of its complexation with polyethyleneimine [156]. 
The combination of several TLR agonists is also an approach that is gaining interest. For example, 
the association of a poly(I:C)–imiquimod (TLR7 agonist) complex onto magnetic NPs was able to delay 
tumor progression in mice [157]. 
 
3.2.2. TLR7 and TLR7/8 agonists 
TLR7 and 8 are single-stranded (ss)RNAs that upregulate the MyD88 cascade [135]. So far, as 
mentioned earlier, imiquimod is the only marketed TLR7 agonist, indicated for the topical treatment 
of basal cell carcinomas and warts, however, there are other agonists that hold potential as 
immunotherapeutic molecules in cancer [158]. 
There are only a few examples on the use of nanotechnology to deliver these agonists. For example, 
the TLR7 agonist named as TMX–202, encapsulated in liposomes, was reported to increase the 
secretion of pro-inflammatory cytokines in vitro [159]. On the other hand, the use of a combination of 
TLR7 and 8, has resulted in the dual activation of DCs and T cells, ultimately decreasing the tumor 
burden in three different murine cancer models [160]. Following this trend, the dual TLR7/8 agonist 
resiquimod is also under investigation as a potential immunotherapeutic treatment. Recently, 
Weissleder and collaborators demonstrated an improved therapeutic performance of resiquimod 
when included in cyclodextrin NPs [161]. The anti-tumoral effect of these NPs was shown to be 
mediated by a polarization of the M2 pro-tumoral macrophages towards M1 phenotypes, and was 
more effective than the free resiquimod [161]. In fact, the conjunction of these NPs with an anti-PD-1 
Ab in a non-responsive anti-PD-1 mice model decreased the tumor development in comparison to the 
separate approaches [161]. Similarly, the targeted delivery of resiquimod-loaded PLGA NPs to PD-1-
expressing T cells extended the survival of the treated animals [162].  
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3.2.3. TLR9 agonists 
TLR9 is activated by some DNA molecules, more specifically, unmethylated cytosine-
phosphorothioester-guanine (CpG) dinucleotides, which are common in viruses and bacteria [163]. As 
artificial agonists, a great number of synthetic CpG oligodeoxynucleotide (ODN) have been developed 
for cancer therapy [163]. 
With regards to the formulation of CpG in the form of a nanostructure, it is worth mentioning the 
formation of lipid-modified CpGs with the capacity to self-assemble into micelles, which were shown 
to activate DCs in vivo [164]. In addition, the combination of CpGs with OVA as antigen, either through 
the complexation with polyethyleneimine, or by their association to organosilica NPs, showed a 
synergistic effect in terms of reducing tumor growth [165,166]. Furthermore, the co-administration of 
a cholesterol-modified CpG and the TLR4 agonist MPLA into nanodiscs, with the E7 peptide antigen, 
was reported to increase the survival in an HPV-associated cancer model [167]. 
Overall, all TLR agonists have shown significant potential in the modulation of the tumor 
microenvironment, alone or in combination with other agonists, antigens or checkpoint inhibitors. One 
key aspect for their successful translation to the clinic will be to guarantee their specific delivery to the 
target site, thereby limiting the undesired side effects. 
 
3.3. Cancer vaccines 
Cancer vaccination is driven by the activation of the immune system to fight against specific tumor 
antigens. By presenting these antigens to APCs, CD4 and CD8 T cells responses might increase, 
mitigating tumor progression. Traditionally, the antigens exploited for anti-cancer vaccination have 
been tumor-associated antigens (TAAs). These antigens are known to be overexpressed in tumors, but 
they are also presented in healthy tissues. The use of mRNAs coding for these TAAs is one of the most 
novel delivery approaches. 
Alternatively, in the last years, a new group of antigens has emerged for cancer vaccination, the so-
called tumor-specific antigens or neoantigens. These molecules are uniquely expressed by tumor cells 
and not by normal tissues, thereby directing the immune response only to the cancer cells, and 
decreasing off-target side effects [168]. 
In the following lines, we have focused on the most novel approaches for cancer vaccination: the 
delivery of TAAS as mRNA vaccines, and the use of neoantigens.  
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3.3.1. Tumor-associated antigens in mRNA vaccines 
The most common approaches for mRNA vaccines are focused on a direct administration of the 
polynucleotides into critical tissues (lymph nodes or tumors), where APCs can directly interact with the 
mRNA, expressing the antigen and eliciting an immune response against it [169–171]. Nevertheless, 
the limitations of this therapeutic approach are mainly related to the instability of mRNA and its 
indiscriminate biodistribution, a fact that makes their intratumoral or intranodal administration 
necessary. The formulation of mRNA vaccines in nanosystems is nowadays an approach to overcome 
these hurdles. For example, Anderson and collaborators, using a model luciferase mRNA, have worked 
on the development of nanosystems able to protect and increase the response against mRNAs 
[172,173]. Further studies with this lipid-based nanosystem containing an ionizable lipid, showed that 
it has the capacity to increase the CD8 T cell response against two melanoma antigens, with important 
survival benefit [174]. Similarly, Kranz et al. showed that mRNA lipoplexes were able to increase the T 
cell response against the encoding tumor antigen in patients [175].  
Furthermore, combination therapies of mRNA vaccines and checkpoint inhibitors have shown to 
synergistically improve cancer survival [169]. For example, lipid/calcium/phosphate NPs functionalized 
with mannose for a targeted delivery to DCs, and containing an mRNA for MUC1 antigen, were 
administered to an orthotopic triple negative breast cancer model [176]. Although the NPs alone were 
able to decrease tumor progression, only the combination with an anti-CTLA-4 mAb improved the 
infiltration of CD8 T cells, and further reduced tumor development [176]. 
 
3.3.2. Neoantigens  
Somatic mutations can lead to the expression of tumor-specific proteins, solely presented by cancer 
cells [168]. These proteins can be employed as antigens, preventing the autoimmunity or immune 
tolerance of other non-specific antigens, like TAAs [168,177]. In this regard, clinical trials have already 
shown the capacity of neoantigens to induce satisfactory immune responses against them [178,179]. 
Preclinically, neoantigens have been delivered as long peptides, naked polynucleotides, within pulsed 
DCs, or in nanosystems [180].  
In terms of the application of nanotechnology to improve the immune response against 
neoantigens, Zhu et al. have reported the development of self-assembled intertwining DNA-RNA NCs, 
that synergistically delivered CpG, a Stat3 short hairpin RNA, and a peptide neoantigen, that presented 
good therapeutic results [181]. Other approaches using ultra-pH-sensitive NPs, associating OVA or 
neoantigens, were able to decrease tumor development in different cancer models [182]. The 
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combination of nanodiscs loaded with CpG and a cocktail of melanoma neoantigens, together with 
checkpoint inhibitors, was able to eradicate tumor development in 85% of the treated animals [183]. 
 
Collectively, although a huge number of nanotechnological approaches have been implemented to 
improve cancer immunotherapy, it seems that the future tendencies are focused on the development 
of combined therapies, harnessing different and synergistic routes to overcome resistance [119].  
 
4. On the road to the market 
Despite the promising approaches where the application of nanotechnology for modulating the 
immune response has shown a therapeutic benefit, the number of nanotechnology-based drug 
products in the market is still scarce. This restricted translation to the clinic has been attributed to 
different factors [184]. For example, there is a limited knowledge about the influence of the 
physiopathology of diseases on the biodistribution of different nanocarriers. Indeed, the dogma of the 
enhanced permeability and retention (EPR) effect, which has been employed as one of the main 
reasons behind the potential of nanotechnology, is now known to occur only in some specific tumors 
[185]. Hence, a more personalized characterization of the tumors would permit patient stratification 
and selection of the potential responders to the nanomedicines, thereby allowing a more efficient 
clinical translation [186,187]. More importantly, the identification of tissue and cell targets that may 
be used to selectively guide the biodistribution of targeted carriers needs to be further expanded 
[188]. Additionally, as for all therapies, the results obtained in rodent animals used as preclinical 
models for the evaluation of the nanosystems are difficult to translate into a clinical setting, and this 
is mainly due to the obvious enormous differences in the biodistribution [185]. Finally, one could say 
that, often, in vivo studies reported in the literature lack of the appropriate controls that would help 
to comparatively understand the behavior of the therapies.  
Other difficulties are related to the translation of the manufacturing processes from the bench side 
to an industrial environment. It has been reported that the scale-up of complex formulations can lead 
to reproducibility problems, and that consistent methods for an adequate characterization are 
necessary [189]. In this regard, significant advances have been made by specialized organizations in 
terms of standardizing the techniques for the characterization of nanomedicines [190], and defining 
appropriate methods for a more realistic characterization of the nanomedicine candidates [191,192]. 
This advances will certainly help to improve the safety and biocompatibility of the nanomedicine [184]. 
Ultimately, all these advances in developing unified methods and protocols, and in better 
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understanding relation between diseases and NPs properties, will contribute to a more successful 
translation of nanomedicines.  
Although this is still an emerging field, we already have examples of immuno-based nanomedicines 
that have reached the market, or that are under clinical evaluation. These examples are described 
below. 
 
4.1. Nanovaccines in the market and under evaluation 
As already mentioned in section 2, some NP-based adjuvants have already reached the market 
(MF59, AS03 and AS01). Besides, the commercialized HPV and hepatitis B vaccines are based on VLPs 
[118]. In addition, a great number of vaccine nanoformulations are now in clinical trials (Table 3) [193]. 
The most advanced nanovaccines in clinical trials are currently in phase III. One is a combination of 
NanoFluTM (NPs made of protein antigens) and Matrix MTM (a lipidic-based adjuvant). The other also 
contains the antigen proteins self-assembled into NPs. The rest of the nanovaccines under clinical 
evaluation are mainly composed by lipidic systems, similar to the marketed adjuvants (Table 2). A 
different approach is the one making use of inulin microparticles (Advax®), currently in Phase I/II 




Table 3. Most relevant nanovaccine for infectious diseases in clinical trials 




NanoFluTM + Matrix MTM / 
Novavax 
NanoFlu: recombinant 
hemagglutinin protein NP + 
Matrix M™: saponin-based 
particles (saponins, synthetic 
Chol and phospholipids) 
Influenza Phase III [194,195] 
RSV F Vaccine / Novavax RSV F Vaccine: recombinant F-
proteins from RSV that self-
assemble into NPs 
RSV Phase III [196,197] 
CTH522-CAF01 / Statens 
Serum Institut 







HBV003 / Vaxine Pty Ltd. Advax: D-inulin MPs 
 
Hepatitis B Phase I/II [199,200] 
R21 + Matrix MTM / 
University of Oxford & 
Novavax 
Antigen + Matrix M™ Malaria Phase I/II [194,201] 






Phase I [202,203] 
Advax - CpG55.2  / US 
NIAID 




Phase I [204] 
1790GAHB / GSK GMMA: outer membrane 
particles from bacteria 
Dysentery 
(Shigella sonnei) 
Phase I [205] 
DPX-RSV / IMV Inc. LNPs containing RSV SHe 
antigen 
RSV Phase I [206] 
Chol, cholesterol; CpG, cytosine-phosphorothioester-guanine GMMA, generalized modules of membrane 
antigen; MP, microparticle; NIAID, National Institute of Allergy and Infectious Diseases; NP, nanoparticle; LNP, 
lipid nanoparticle; RSV, respiratory syncital virus. 
 
4.2. Nanoimmunotherapies in clinical trials 
Currently, probably due to the limited number of marketed immunotherapies, the number of 
nanotechnology-based immunotherapies in clinical development is not extensive [123]. These 
potential nanomedicine candidates are summarized in Table 4 [193]. The majority of them are in the 
form of liposomes containing tumor antigens. Moreover, many of these nanoformulation contain 
additional immunomodulators, such as MPLA, CpG or IL-2. A quite exceptional nanocomposition is the 
one named as BO-112 (from the Spanish company Bioncotech), which has no antigen nor lipid in its 
composition, but is based on the complexation of the positively charged polyethyleneimine with the 
negatively charged poly(I:C).  
Overall, it seems clear that cancer vaccines and combinatory therapies are demonstrating a 
promising effectiveness in cancer treatment.  
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Table 4. Clinical trials of some relevant nanoimmunotherapeutics 




MAGE-A3 ASCI / GSK 
and Oncovir Inc. 
AS15 adjuvant (liposomes of 
MPLA, QS21 and CpG) + 
recMAGE-A3 
Melanoma Phase II [207] 
L-BLP25 / ECOG-ACRIN 
Cancer Research 
Group 
Liposome with tecemotide 
(lipopeptide targeting MUC1) 
and adjuvant MPLA 
Lung cancer Phase II [208] 
OncoquestTM-L / XEME 
Biopharma Inc. 
Aggregon® liposomes: 
neoantigen + IL-2 
Lymphoma Phase II [209] 
DPX-Survivac / IMV 
Inc. & Merck  
LNPs with TAA (Survivin) Diffuse large B-cell 
lymphoma 
Phase II [210] 
DPX-Survivac / IMV 
Inc. & Merck  
LNPs with TAA (Survivin) Advanced ovarian, 
primary peritoneal and 
fallopian tube cancer 
Phase II [211] 
DPX-Survivac / IMV 
Inc. & Merck 
LNPs with TAA (Survivin) Ovarian, 
hepatocellular, non-
small cell lung and 
bladder cancers 
Phase II [212] 
DPX-Survivac / IMV 
Inc. 
LNPs with TAA (Survivin) Recurrent ovarian, 
peritoneal and 
fallopian tube cancers 
Phase I/II [213] 
DPX-E7 / Dana Farber 
Cancer Institute 
LNPs with an HPV antigen Head, neck, cervix and 
anus cancer 
Phase I/II [214] 




Phase I [144] 
BNT111 / Biontech FixVac®: mRNA lipoplex (4 
MAAs)  
Melanoma Phase I [215] 
BNT114 / Biontech FixVac®: liposomes + mRNA 
(neoantigens) 
Triple negative breast 
cancer 
Phase I [216] 
OncoquestTM-CLL / 
XEME Biopharma Inc. 
Aggregon® liposomes: 
neoantigen + IL-2 
Chronic lymphocytic 
leukemia 
Phase I [217] 
AS15 + MAG-Tn3 / 
Institute Pasteur 
AS15 adjuvant (liposomes of 
MPLA, QS21 and CpG) + MAG-
Tn3 synthetic vaccine 
Breast neoplasms Phase I [218] 
WDVAX / Dana-Farber 
Cancer Institute 
PLGA scaffold with GM-CSF, CpG 
and melanoma tumor lysate 
Melanoma Phase I [219] 
CpG, cytosine-phosphorothioester-guanine; DCs, dendritic cells; GM-CSF, granulocyte-macrophage colony-
stimulating factor;  HPV, human papilloma virus; IMV, ImmunoVaccine; LNPs, lipid nanoparticles; MAAs, 
melanoma-associated antigens; MPLA, monophosphoryl lipid A; MUC1: Mucin 1, cell surface associated; PLGA, 








5. Conclusions and future perspectives 
Overall, nanotechnology is nowadays considered as a powerful strategy to modulate the immune 
system and the different players involved in its regulation. In the vaccine field, nanotechnology has led 
to the development and commercialization of modern adjuvants that may increase the immune 
response against new and very poorly immunogenic antigens. In the area of cancer immunotherapies, 
nanotechnology has been shown to enable the accumulation of immunomodulating compounds in the 
target site, thus decreasing their undesired side effects. At the same time, as therapies advance and 
the knowledge of the molecular basis governing diseases grows, it becomes clear that the future steps 
are being directed towards the definition of combination of therapies. Although there are still some 
challenges to overcome in order to have more robust nanomedicines, considerable advances have 
been achieved in the last years. It is likely that thanks to all the research efforts currently ongoing, 
more advanced nanotechnology-based therapies will soon be improving patients’ lives.  
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Background 
The immune system plays an important role in several illnesses, such as infectious diseases and 
cancer, either by favoring their progression or by promoting their elimination. Although in the last 
century we have witnessed a great progress in the development of vaccines, some infectious diseases 
remain elusive to vaccination [1–3]. In the particular case of cancer, the discovery of new therapies 
that re-activate the immune system towards fighting tumor progression has revolutionized the field, 
however, there are still many side effects associated to these treatments that need to be overcome in 
order to adequately exploit these new treatments [4,5]. 
Nanotechnology, through the design of vaccines and immunotherapies, allows the modulation of 
the activity of the immune system [6,7]. Additionally, nanosystems can specifically target some subsets 
of immune cells, and favor the arrival of the cargos to the lymph nodes, the tumor microenvironment 
or other tissues of interest [6,7]. 
In the case of vaccines, the newest antigens are based on low immunogenic biomolecules, such as 
peptides. Therefore, it is necessary to combine them with nanocarriers, which can mimic the size of 
microorganisms and co-deliver stimulatory molecules (e.g., cytokines, pathogen-associated molecular 
patterns), thereby enhancing the immunogenic response against the delivered antigen [8–14]. Indeed, 
some nanotechnology-based adjuvants have already been marketed [15,16], recently, one of them for 
the prevention of malaria [17]. Our group has three decades of expertise in designing nanocarriers 
adapted specifically to the nature of the antigen. In this regard, in the early 90’s, the group started 
using poly-lactic acid-based polymers [18,19], while over the last decades, it has moved towards the 
use of polysaccharides and polypeptides [20–22], biocompatible and biodegradable polymers which 
offer important opportunities from an engineering perspective [23–26]. The nanosystems developed 
so far by our group have shown the capacity to protect and deliver a great variety of antigens, such as 
tetanus toxoid, Hepatitis B surface antigen, among others [27–30]. In some cases, adjuvants were also 
included in the composition to generate more robust immune responses [31,32]. Moreover, joining 
efforts with Canadian and American research groups, our first works against HIV resulted in the 
development of polysaccharide-based nanoparticles associating HIV peptide antigens with improved 
humoral responses in primates [33,34].  
In the context of cancer, the availability of therapies that modify the immune response is relatively 
new [4]. Nevertheless, these new therapies have limited application and/or present important 
systemic toxicities [35–38]. Therefore, the use of nanosystems to modify the systemic biodistribution 
of the therapies towards the tumor site, and to favor their uptake by specific cell subtypes (e.g., 
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dendritic cells, T cells, macrophages), holds great potential [39–41]. All these advantages have already 
taken several nanoimmunotherapies to clinical trials [42]. 
Further understanding on how the design of the nanoparticles affects the final immune response, 
and how to optimize the current available therapies, is critical in order to progress in the development 
of advanced new therapies. Additionally, manufacturing and characterization aspects that guarantee 
the correct development of new nanomedicines need to be considered as early as possible along the 
preclinical stages. Defining all these critical processes will ensure the translatability of the 
nanomedicines towards the industry.  
 
Based on this background information, we have elaborated the following hypothesis: 
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Hypothesis 
1. Polysaccharide-based nanoparticles are potential carriers for HIV peptide antigens. The type of 
attachment of a peptide antigen to its carrier, and the presence of adjuvants, have an effect in 
the elicited immune response. 
 
2. The manufacturing process of polysaccharide-based nanoparticles can be translated to an 
industrial environment. 
 
3. The formulation of immunomodulators, i.e. poly(I:C), in the form of nanocomplexes is a strategy 
to improve their stability and to target the tumor site. Upon contact with these nanocomplexes, 
macrophages will be polarized towards M1 phenotypes and will mediate tumor cell killing. 
 
  
Tamara Gómez Dacoba 
 112 
Objectives 
Taking into consideration the background and hypothesis previously stated, the main goals of this 
thesis were oriented into two main directions: 
A. To design and develop a prototype consisting of polysaccharide-based nanoparticles, with the 
capacity to carry HIV peptide antigens. This objective was the continuation of previous efforts 
where the same antigens were included into chitosan/dextran nanoparticles with increased 
humoral responses in non-human primates. 
B. To design and develop nanocomplexes loaded with the immunomodulator poly(I:C), in order 
to facilitate its transport to tumor-associated macrophages and their subsequent polarization 
towards anti-tumoral phenotypes. 
To achieve these objectives, the following experimental activities were performed: 
1. Development of polysaccharide-based nanoparticles associating an HIV peptide antigen, that 
improves the elicited immune response. This activity has involved: 
a. The design of different association approaches of the antigen to the nanocarriers, 
including poly(I:C) as an adjuvant. 
b. The characterization of the physicochemical properties of the developed nanoparticles 
and their formulation in a freeze-dried powder aiming at increasing their stability. 
c. The evaluation of the capacity of each nanosystem to generate humoral and cellular 
responses in vaccinated mice. 
d. The optimization of the most promising prototypes to load three different PCSs and the 
determination of their efficacy in terms of SIV prevention in non-human primates 
The results corresponding to this objective are presented in Chapter 1 “Development of an SIV 
vaccine candidate based on polysaccharide nanoparticles loading peptide antigens”. 
 
2. Adaptation of the manufacturing process of polysaccharide-based nanoparticles to be 
implemented in a pilot plant. This activity has involved: 
a. The application of a quality-by-design approach to the fabrication of the nanoparticles and 
of a risk analysis to underline the most important parameters to be controlled. 
b. The characterization of the formulation through several complementary orthogonal 
techniques, while developing methods to measure the content uniformity. 
c. The evaluation of the long-term colloidal stability under ICH conditions. 
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d. The scaling-up of the nanoparticle fabrication using continuous and discontinuous 
methods. 
The results corresponding to this objective are presented in Chapter 2 “Technological 
challenges in the preclinical development of an HIV nanovaccine candidate”. 
 
3. Design and development of poly(I:C) nanocomplexes with the adequate properties to target 
and polarize tumor-associated macrophages. This activity has involved: 
a. The evaluation of the capacity of arginine-rich polymers to form nanocomplexes with 
poly(I:C), and the study of their subsequent envelopment with anionic polymers in order 
to improve their stability.  
b. The evaluation of the in vitro toxicity, internalization and intracellular trafficking of the 
nanocomplexes in macrophages.  
c. The study of the capacity of the nanocomplexed poly(I:C) to polarize macrophages towards 
M1 phenotypes and, subsequently, to secret attracting chemokines and to directly destroy 
tumor cells. 
d. The evaluation of the poly(I:C) nanocomplexes capacity to prevent tumor development in 
an immunocompetent murine model. 
The results corresponding to this goal are presented in Chapter 3 “Arginine-based poly(I:C)-
loaded nanocomplexes for the re-education of tumor-associated macrophages”. 
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Engineering polysaccharide nanoparticles for the modulation of the immune 
response against an SIV peptide antigen 
This work has been done in collaboration with the University of Manitoba (Canada). The results from 




The development of an effective HIV vaccine continues to be a major health challenge since, so far, 
only the RV144 trial has demonstrated a modest clinical efficacy. Recently, the targeting of the twelve 
highly conserved protease cleavage sites (PCS1–12) has been presented as a strategy seeking to 
hamper the maturation and infectivity of HIV. To pursue this line of research, and because peptide 
antigens have low immunogenicity, we have included these peptides in engineered nanoparticles, 
aiming at overcoming this limitation. More specifically, we investigated whether the covalent 
attachment of a PCS peptide (PCS5) to polysaccharide-based nanoparticles, and their coadministration 
with polyinosinic:polycytidylic acid (poly(I:C)), improved the generated immune response. To this end, 
PCS5 was first conjugated to two different polysaccharides (chitosan and hyaluronic acid), through 
either a stable or a cleavable bond, and then associated to an oppositely charged polymer (dextran 
sulfate and chitosan) and poly(I:C) to form the nanoparticles. Nanoparticles associating PCS5 by ionic 
interactions were used in this study as the control formulation. In vivo, all nanosystems elicited high 
anti-PCS5 antibodies. Nanoparticles containing PCS5 conjugated and poly(I:C) seemed to induce the 
strongest activation of antigen presenting cells. Interestingly, T cell activation presented different 
kinetics depending on the prototype. These findings show that both, the nanoparticle composition and 
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With almost 2 million newly infected individuals per year, HIV continues to be one of the most 
important global health challenges [2]. Despite the efforts dedicated to the discovery of an effective 
vaccine against this virus, the most positive results achieved so far are those reported in the RV144 
vaccine (Phase III clinical trial), which conferred a modest 30% protection against the infection [3]. This 
protection was associated with the ability of the vaccine to generate weakly neutralizing and non-
neutralizing antibody responses [4]. It is also worth noting that the efficacy of this trial declined from 
60 to 30% from 42 to 60 months after administration, which further underscores the need for HIV 
vaccine designs that would efficiently induce protective and long-lasting immune responses. This 
efficiency depends, to a great extent, on the adequate combination of antigen and adjuvant [5,6]. 
Considering how the natural immunity to HIV-1 works, the peptide sequences around the protease 
cleavage sites (PCSs) have been proposed as the targets for a candidate vaccine against HIV. The 
protease is an essential enzyme for the HIV virus because its function is to cleave specific proteins, 
such as Gag, Gag-Pol and Nef, that are essential for the maturation of HIV virions, and thus, crucial to 
its infectivity [7–9]. The proteolysis of these proteins must take place on the twelve cleavage sites in a 
controlled and sequential way, and the interruption of this process, even in one single site, may 
interrupt virus maturation and, therefore, stop virus infection [7,8,10]. In addition, these sites are 
highly conserved among HIV-1 viruses, which could help overcome the problems associated with the 
HIV virus high sequence diversity and rapid mutation rates. 
A wide variety of nanosystems are currently under evaluation for their ability to deliver vaccine 
immunogens, to protect the antigens from degradation and to facilitate their internalization by the 
target immune cells [11]. In addition, it has been reported that the response to antigen-loaded 
nanocarriers may be influenced by their composition and physicochemical properties [11–13]. Among 
these nanocarriers, chitosan (CS)-based nanosystems have been widely employed as antigen carriers 
through both, parenteral and mucosal routes [14]. In fact, CS is a biodegradable and biocompatible 
polymer, with a FDA GRAS status, which has already been approved for dietary use and as a wound 
dressing material [15,16]. Our group has originally reported the development of CS nanoparticles (NPs) 
[17] and nanocapsules (NCs) [18], and assessed their potential to generate humoral responses against 
different antigens, such as the recombinant hepatitis B surface antigen (rHBsAg), the tetanus toxoid 
and the IutA antigen from E. coli [19–22]. Other studies have also shown promising results when using 
CS-based nanosystems in order to enhance T cell responses [23,24].  
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A critical aspect that has not been completely elucidated is the influence of the antigen-nanocarrier 
interaction on the nature of the immune response generated. In some studies, the association of 
antigens to nanocarriers has relied on simple physical entrapment techniques, or the establishment of 
ionic or hydrophobic forces [25–27]; whereas in others the association has involved the chemical 
conjugation of the antigens to the nanosystems [28–38]. In the later studies, chemical conjugation was 
shown to increase the humoral response when compared to other types of antigen association 
[30,33,34,38]. More specifically, a study performed for a malaria antigen showed that these improved 
humoral responses were caused by an increased interaction of the antigen with the B-cell receptor 
when the antigen was covalently attached to the surface of lipid NCs [34]. Similarly, the covalent 
attachment of an HIV protein antigen to virus-like particles resulted in an efficient generation of 
specific humoral and CD8 T-cell responses [32]. 
On the other hand, over the last decade, it has become evident that the co-encapsulation of 
antigens and adjuvants, such as the toll-like receptor (TLR) agonists, further improves the performance 
of antigen-loaded nanosystems in vaccination [11]. Furthermore, it has been reported that these TLR 
molecules are able to direct the immune response towards either humoral or cellular profiles 
[21,27,39]. 
Based on this background information, the primary objective of this work was to evaluate if the 
chemical linkage of an SIV (the simian HIV) PCS peptide antigen (PCS5) to polysaccharide NPs, and the 
inclusion of poly(I:C), could improve its immunogenicity over the association by ionic forces to NPs. 
We hypothesized that the conjugation of the antigen to the polysaccharides might prevent its release 
until the particles are internalized and processed by antigen presenting cells (APCs), thereby dually 
improving and prolonging the induced immune responses. CS and hyaluronic acid (HA) were the 
polysaccharides of choice to conjugate the peptide antigen PCS5. Also, the TLR3 agonist poly(I:C) was 
included in these two nanosystems to stimulate a cellular response against the antigen. As the control 
formulation, PCS5 was entrapped by ionic forces in NPs of CS and dextran sulfate (DS), which were 
previously reported as good antigen carriers for the PCS peptide antigens [40]. Polymer–PCS5 
conjugates and the resulting NPs were characterized in terms of their chemical composition and 
structural organization. Finally, their capacity to activate the immune system, regarding antibody 





2. Materials and Methods 
2.1. Materials 
Chitosan (CS) (hydrochloride salt, molecular weight (MW) 42.7 KDa and 88% deacetylation degree) 
was obtained from HMC+ (Halle, Germany). Dextran sulfate (DS), (sodium salt, MW 8 KDa) was 
purchased from Sigma-Aldrich SAFC® (MO, USA). Sodium hyaluronate (HA) (MW 57 kDa) was 
purchased from Lifecore Biomedical (MN, USA). High MW poly(I:C) was acquired from Invivogen (CA, 
USA) and high purity α,α–Trehalose dihydrate was purchased from Pfanstiehl (IL, USA). SIV PCS5 
peptide (GPWGKKPRNFPMAQVHQGLM, MW 2280 Da and >95% purity), with or without a terminal 
cysteine residue, was purchased from GenScript (NJ, USA). MES hydrate, N-(2-aminoethyl)maleimide 
trifluoroacetate salt (ASEM), N-hydroxysuccinimide (NHS) and N-(3-Dimethylaminopropyl)-N´-
ethylcarbodiimide hydrochloride (EDC) were obtained from Sigma-Aldrich (MI, USA). 
Bio-Plex Pro™ Magnetic COOH Beads and Bio-Plex Amine Coupling Kit were purchased from Bio-
Rad (CA, USA). Phycoerythrin-labelled mouse anti-monkey IgG were obtained from Southern Biotech 
(AL, USA) and PCS5 monoclonal antibody was donated by National Microbiology Laboratory (Winnipeg, 
MB, Canada). 
 
2.2. Screening of blank NPs 
The preparation method for all the NPs in this study was ionic complexation, based on the 
interactions between the oppositely charged polymers: CS and DS, or CS and HA. 
For CS/DS NPs, mass ratios from 3:1 to 1:3 were screened. Equal volumes (0.825 mL) of an aqueous 
solution of CS (concentration from 1.875 to 0.625 mg/mL), and aqueous solution of DS (concentration 
from 0.625 to 1.875 mg/mL) were mixed under mild magnetic stirring. The solutions were kept under 
magnetic stirring for 10 min. 
In the case of CS/HA NPs, mass ratios from 1.5:1 to 1:4 were screened. Equal volumes (0.550 mL) 
of an aqueous solution of CS (concentrations from 2.40 to 0.80 mg/mL) and aqueous solution of HA 
(concentration from 1.60 to 3.20 mg/mL) were mixed under mild magnetic stirring. The solution was 
stirred for 10 additional minutes. 
 
2.3. Preparation of CS/DS + PCS5 NPs 
CS/DS NPs at a 1:3 mass ratio were prepared as previously described [40], but with materials of a 
higher quality grade. Briefly, 0.055 mL of PCS5 in aqueous solution (4 mg/mL) were added to 0.770 mL 
of a CS aqueous solution (0.67 mg/mL) under mild magnetic stirring. After stirring for 5 min, 0.825 mL 
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of a DS aqueous solution (1.875 mg/mL) were also added. The solution was stirred for 5 additional 
minutes, and the formulation was kept for 10 min without stirring prior to characterization. 
 
2.4. Determination of PCS5 association efficiency 
CS/DS + PCS5 NPs were isolated by size exclusion chromatography (SEC) using CentriPure P10 Gel 
Filtration Columns (emp Biotech GmbH, Berlin, Germany). The columns were first washed and 
stabilized with 15 mL of ultrapure water. Then, 1 mL of NPs was transferred to the column and allowed 
to enter the gel bed completely. After the void volume was discarded, 2 mL of ultrapure water were 
added to the column and the isolated NPs collected. The association efficiency (AE) was calculated by 
comparing the amount of PCS5 associated to the NPs with the initial amount added to prepare the NPs 
(Eq. 1). For this purpose, isolated NPs from SEC were treated to a final KCl concentration of 2M to 
break the ionic interactions between the components of the NPs. Samples were analyzed by Ultra 
Performance Liquid Chromatography (UPLC) on an Acquity H-UPLC Class system with a Tunable UV 
(TUV) detector (Waters Corporation, MA, USA) equipped with an Aeris 3.6 µm Widepore XB-C18 LC 
100 x 2.1 mm Column (Phenomenex, CA, USA). The mobile Phase A consisted of 0.1% trifluoroacetic 
acid (v/v) in ultrapure water and the Phase B of 0.1% trifluoroacetic acid (v/v) in acetonitrile HPLC 
gradient. The column temperature was set at 30 °C and the run from 10% to 100% of phase B in 5 min. 
The amount of PCS5 in each sample was calculated using a standard curve generated with known 






2.5. Preparation of CS–PCS5/DS/pIC NPs 
The conjugate CS–PCS5 was purchased from Pepscan. PAoa-Ahx-PCS5-OH was synthesized using 
standard solid phase peptide chemistry through Fmoc/tBu chemistry, and subsequently purified to 
specifications using reversed phase preparative HPLC. 
On the other hand, CS was dissolved in buffer (10 mM phosphate buffer at pH 6.5); while N-
succinimidyl 4-formylbenzoate (S-4FB) was dissolved in dry dimethylsulfoxide (DMSO) to generate a 
stock of 30 mg/mL. A volume of 50 µL of the S-4FB stock were added dropwise to the CS solution (10 
mg/mL in phosphate buffer), and the reaction mixture was stirred overnight to allow for the coupling 
of the S-4FB linker to the free amine residues of the CS. This derivatized CS was then desalted using 




CS solution and allowed to conjugate overnight with agitation. The resulting conjugate was then 
subjected to dialysis against phosphate buffer to remove the unbound peptide. 
Ratio PCS5/CS was determined by a colorimetric assay. First, 2-hydrazinopyridine was added to 
react with the S-4FB incorporated to CS. Following incubation at 37 °C for 30 min, the chromophoric 
bis-arylhydrazone obtained was quantified at 350 nm. The difference between the amount of free 
linker before and after PCS5 conjugation was considered the value of the substitution degree. CS, PCS5 
and CS–PCS5 samples were diluted in D2O water and analyzed in a Spectrometer Varian Inova 750 for 
1H NMR, processed using MestreNova (MESTRELAB, Santiago de Compostela, Spain). 
For the preparation of these NPs, a mass ratio 2:1 CS/DS was selected. A volume of 0.0385 mL of 
an aqueous solution of the modified CS (8.8 mg/mL) were added to a CS aqueous solution of 0.909 
mg/mL to obtain a solution containing 2 mg/mL of CS and 0.2 µg/mL of PCS5. Simultaneously, 2.5 µL 
of poly(I:C) (1 mg/mL) were, then, added to 0.250 mL of an aqueous solution of DS (1 mg/mL), and this 
solution was poured over 0.250 mL of the previous CS solution (2 mg/mL CS and 0.2 µg/mL of PCS5) 
under magnetic stirring, and left under agitation for 10 min. 
 
2.6. Preparation of CS/HA–PCS5/pIC NPs 
The PCS5 peptide was linked to HA by a thiol-maleimide conjugation reaction, adapting a recently 
described protocol [41]. First, HA was diluted in MES buffer (0.1 N, pH 6) to a concentration of 2 mg/mL, 
and ASEM, NHS and EDC in the same buffer solution were added at a concentration 6-, 14- and 143-
fold times higher than HA, respectively. The solution was kept under magnetic stirring for 4 h at room 
temperature, and then dialyzed for 24 h to remove free reactives (SnakeSkin, cellulose membrane MW 
7 KDa, Thermo Fisher, MA, USA). In a second step, 0.228 mL of PCS5 with a terminal cysteine residue 
in aqueous solution (5 mg/mL) were poured over 5 mL of the solution of HA–ASEM (1 mg/mL) in buffer 
(MES 0.1N, NaCl 100mM), under magnetic stirring. The solution was kept under stirring for 4 h, and 
then dialyzed for 24 h. Finally, the modified HA solution was frozen at -20 °C and freeze-dried. 
NMR analyses of HA, PCS5 and HA–PCS5 were conducted to characterize the link, determine the 
substitution degree and the yield. For this purpose, freeze-dried samples were resuspended in D2O, 
and analyzed using a Spectrometer Varian Inova 750 for 1H NMR and diffusion-ordered spectroscopy 
(DOSY). Then, the NMR spectra were processed using MestreNova (MESTRELAB, Santiago de 
Compostela, Spain). The degree of substitution (DS) was calculated as the amount of PCS5 conjugated 
per amount of HA, while yield was determined by comparing the amount of PCS5 conjugated to the 
total amount added to the reaction (Equation 2). 







NPs were formed at a 1:1 CS/HA mass ratio. Aqueous solutions of either HA or HA–PCS5 at 2 mg/mL 
were prepared, and the ratio between the two solutions adjusted to a final PCS5 peptide concentration 
of 0.20 mg/mL. Poly(I:C) was also added as a 1 mg/mL aqueous solution to a final concentration of 2 
µg/mL. Later, 0.55 mL of this HA and poly(I:C) solution (2 mg/mL, 2 µg/mL) were poured over 0.55 mL 
of a CS aqueous solution (2 mg/mL) under magnetic stirring, and kept stirring for 10 min. 
 
2.7. Nanoparticle characterization 
The mean size (Z-average) and polydispersity index (PDI) of the NPs were characterized by Dynamic 
Light Scattering (DLS). The zeta potential values of the NPs were determined by Laser Doppler 
Anemometry (LDA), measuring the mean electrophoretic mobility after a 10-times dilution of the NPs 
in ultrapure water. Both properties were measured using a Zetasizer® NanoZS using the software 
Zetasizer v7.13 (Malvern Panalytical Ltd., Malvern, UK). The measurements were performed at 25 °C 
with a detection angle of 173. 
The PCS5 peptide loading capacity was determined by calculating the real amount of PCS5 
associated to the NPs (theoretical mass x AE%) relative to the real mass of the formulation, 












2.8. Morphological analysis 
Morphological analysis of the suspension of NPs was conducted by Field Emission Scanning Electron 
Microscopy (FESEM) (Zeiss Gemini Ultra Plus, Oberkochen, Germany). NPs were diluted 1:100 in water, 
and then with the same volume of phosphotungstic acid (2% in water). A volume of 1 µL of sample 
was placed on a copper grid with carbon films and allow to dry. Then, the grids were washed with 
water and analyzed under the microscope once dried. STEM and immersion lens (InLens) detectors 







2.9. Nanoparticle surface analysis by X-ray Photoelectron Spectroscopy (XPS) 
The surface of CS/HA/pIC and CS/HA–PCS5/pIC NPs was analyzed to confirm the presence of PCS5. 
For this purpose, a droplet of each NP suspension was placed on a silicon wafer, used as sample holder, 
and then allowed to dry in a desiccator overnight. For the reference materials (CS, HA and PCS5), a 
small quantity of powder was pressed onto a conductive double side adhesive tape on the standard 
sample holder. 
Samples were analyzed by angle resolved XPS using the ESCALAB 250 iXL instrument (Thermo 
Scientific K-Alpha ESCA, Thermo Scientific, MA, USA), and photoelectrons were collected from a take-
off angle of 45 relative to the sample surface. Monochromatic X-ray source Al Kα (1486.6 eV) was used 
for experiments and spectra were acquired at 10-10 mbar. Surface elemental composition was 
determined using the standard Scofield photoemission cross section. The binding energies (BEs) 
positions on unsputtered surfaces were calibrated by setting the C1s photopeak corresponding to 
aliphatic carbon at 285.0 eV. The atomic concentrations were determined from the XPS peak areas 
using the Shirley background subtraction technique and the Scofield sensitivity factors. 
 
2.10. PCS5 release in glutathione-rich media 
CS/HA–PCS5/pIC NPs were incubated at 37 °C, up to 8 h in PBS with a 10 mM concentration of 
reduced glutathione (GSH). In parallel, as a control, NPs were incubated in PBS under the same 
conditions. At the different time points, NPs were centrifuged for 10 min at 16000 g to break the NPs 
and collect the HA–PCS5 from the supernatant. Later, 1 N HCl was added to the supernatant to bring 
it to pH 2, in order to avoid interactions between the free peptide (pI 11) and the conjugate HA–PCS5 
(pKa 3), and to prevent that any remaining GSH kept reacting. Samples were analyzed by UPLC, as 
described for PCS5, but with a run from 10% to 50% of phase B in 20 min. The amount of free PCS5 
peptide and conjugated PCS5 in each sample was calculated using a standard curve generated with 
known concentrations of the peptide and conjugate (6–50 µg/mL, R2 = 0.99). 
 
2.11. Freeze-drying 
Nanoparticles were frozen in the presence of the cryoprotectant agent trehalose at -80 °C for at 
least 2 h, and then freeze-dried (Genesis™ 25 EL, S.P Industries, PA, USA). Samples were first left in the 
freeze-drier at -40 °C for 4 h to guarantee that they were completely frozen, with a vacuum of 200 
mTorr. Then, the first drying phase was done at a temperature ranging from -40 °C to +20 °C, applying 
a progressive vacuum to 20 mTorr for a period of 43 h. Finally, the secondary drying phase was done 
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for 3 h at +22 °C and 20 mTorr. After this process, NPs were resuspended in ultrapure water and their 
physicochemical properties determined by DLS and LDA as previously described. 
 
2.12. Animal care 
Female BALB/c mice 6-8 weeks old were obtained from Charles River Laboratories (Wilmington, 
MA, USA) and housed at the Veterinary Technical Service unit of National Microbiology Laboratory 
(Winnipeg, MB, Canada). A maximum of 5 animals were housed per cage, in a level 2 facility. All animals 
used in the project were treated in a humane manner in accordance with the Principles of the Canadian 
Council on Animal Care contained in the “Guide to the Care and Use of Experimental Animals”. All 
animal procedures were performed by highly trained personnel using approved techniques. All mice 
were anaesthetized by inhalation of 3–5% isofluorane, and all possible efforts were made to minimize 
the pain and discomfort of the animals. Euthanization of animals was conducted using an excess 
amount of the anesthetic. 
 
2.13. Murine experiments 
Eighty female BALB/c mice were divided into four categories. Five unvaccinated mice (week 0) were 
used as a control. The rest of the mice were divided into three groups of twenty-five animals each. 
Mice were intramuscularly injected with 50 µL of the resuspended freeze-dried NPs (CS/DS + PCS5, 
CS/HA–PCS5/pIC and CS–PCS5/DS/pIC) at 0, 4, and 8 weeks. Each group of vaccinated animals was kept 
in a separate cage and monitored every 24 h for feeding, water drinking, and weight loss.  
 
2.14. Plasma antibody quantification 
Plasma was separated from whole blood collected from mice using saphenous bleeding, by 
centrifugation at 2000 g for 10 min. Mouse plasma samples were collected at 2, 4, 8, 9, 10, 12, 14, and 
16 weeks following vaccination, and the concentrations of PCS5-specific plasma IgG antibodies were 
quantified using a previously published protocol [40]. Briefly, 20 μg of PCS5 was coupled to 1.25 x 106 
Bio-Plex Pro™ Magnetic COOH Beads (BioRad Laboratories, CA, USA) using a Bio-Plex Amine Coupling 
Kit (BioRad Laboratories, CA, USA). Then, 50 μL of plasma (1:80 diluted) were incubated with 2,500 
beads. SIV-specific IgG was detected with phycoerythrin-labelled mouse anti-monkey IgG at 5 μg/mL 
(BioRad Laboratories, CA, USA). Bead fluorescence intensities were acquired on the Bio-Plex 200 





2.15. Splenocytes responses quantification 
Five mice per group were sacrificed at 0 (naïve mice) 9, 10, 12, 14, and 16 weeks (vaccinated mice), 
and their spleens were collected. Splenocytes were purified by straining of spleens through a 40 µm 
nylon mesh (BD Falcon, CA, USA). The resulting mixtures were suspended in R10 media containing 
RPMI-1640 (Hyclone) complemented with 10% Fetal Bovine Serum (FBS) and 2% antibiotic-antimycotic 
solutions (Invitrogen, CA, USA). The splenocytes were then frozen in freezing media consisting of 9% 
FBS and 5% DMSO. Half a million splenocytes were transferred into 12 x 75 mm polypropylene BD 
Falcon tubes for flow cytometry antibody labeling. Alternatively, 5.0 x 105 splenocytes were stimulated 
separately with a 5 µg/ml suspension of a pool of PCS5 peptides: PCS5-1 
(GPWGKKPRNFPMAQVHQGLM), PCS5-2 (YGQMPRQTGGFFRPWSMGKE), or PCS5-3 
(KPRNFPMAQVHQGLM) peptides. Peptide stimulated and unstimulated splenocytes were washed 
using PBS with 2% FBS at 1500 rpm for 5 minutes. The washed splenocytes were surface stained with 
either a T-cell or monocyte/macrophage cocktails of antibodies for 30 minutes in the dark and at room 
temperature. The stained cells were washed using 5% PBS followed by addition of 150 µL of BD 
Cytofix/CytopermTM (BD Biosciences, CA, USA) and a 10 min incubation in the dark. Following the 
incubation, permeabilized cells were washed using 1x BD PermwashTM solution, followed by 
intracellular cytokine staining (ICS) for 30 min in the dark. After ICS, cells were washed using 1x BD 
PermWashTM then ran on LSRII flow cytometer. Data acquisition was done using BD FACSDivaTM 
software and analyzed using FlowJoTM (Treestar Inc, OR, USA). 
 
2.16. Statistical analysis 
Data analysis was performed using GraphPad Prism version 7.0 (GraphPad Inc). Comparison of 
group data was performed with a Mann-Whitney test. Data are expressed as the mean ± standard 
error of the mean (SEM). p values of 0.05 or less were considered statistically significant. 
 
3. Results and Discussion 
Developing an effective HIV vaccine has proved to be particularly challenging due to the special 
characteristics of this virus. On the one hand, the virus infects CD4 T cells, which have an important 
role in the development of the adaptive immune response. On the other hand, it mutates rapidly, 
leading to a deleterious activation of the immune system, which results in the generation of ineffective 
humoral and cellular responses. In addition, the different virus strains are highly variable, a fact that 
complicates the generation of broad and protective immune responses [6]. Our approach for the 
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design of an HIV vaccine has been to use the peptide sequences that overlap the twelve SIV PCSs as 
antigens. For the generation of infective virions, these HIV PCSs have to be cleaved sequentially, thus, 
if a single proteolytic reaction is disrupted, the whole process could fail. An additional advantage of 
the PCS peptide antigens relies on the fact that these PCSs are highly conserved regions among HIV-1 
viruses and, therefore, the mutation of the virus will not diminish the activity of the vaccine [7–10]. In 
a prior approach, these peptide antigens were entrapped into CS/DS NPs and administered to non-
human primates, which had already been primed with the PCS1-12 encoding plasmids cloned into viral 
vectors. The results showed a significant increase in the IgG responses against the PCS peptide antigens 
after nasal boosting with the nanoparticles [40]. 
Based on these preliminary findings, we sought to further improve the immunogenicity of our PCS 
antigens, by exploring different NPs-based formulation strategies to deliver the peptide antigen. For 
this purpose, the PCS5 peptide antigen was selected for its association to the nanosystems, based on 
the premise that one cleavage error could interrupt virus maturation. PCS5 was first conjugated to two 
different polysaccharides, CS and HA, and the resulting conjugate was used to form NPs by ionic 
interaction with an oppositely-charged polymer (CS–PCS5/DS and CS/HA–PCS5 NPs). The TLR3 agonist, 
poly(I:C), was also associated to these NPs in order to evaluate its effect on the cellular immune 
response generated by the NPs. The already reported CS/DS NPs with PCS5 physically entrapped were 
used as the control formulation [40]. These strategies were based on the hypothesis that conjugation 
of PCS5 peptide antigen to the matrix-forming polymer would facilitate the intracellular delivery of the 
antigen with the subsequent improvement of the humoral and cellular immune responses. In addition, 
poly(I:C) was expected to boost the activation of APCs, effector and memory T cells.  
 
3.1. Development of peptide-loaded polysaccharide NPs 
Polysaccharides, particularly CS, have attracted significant attention as biomaterials for the design 
of antigen delivery carriers [14,42,43]. Our group has originally reported the development of NPs and 
NCs made of CS [17,18] for the delivery of a variety of antigens (e.g., tetanus toxoid, rHBsAg, influenza, 
E. coli antigen, and also peptide antigens) through different routes of administration [19,20,25,44,45]. 
Other authors have also disclosed the utility of nanosystems made of DS [14,46–48], or HA [49–54], 
both negatively charged polysaccharides, to induce immune responses. In most of these reports, the 
association of the antigen to the polymeric nanocarrier was based on a simple entrapment process, 
normally driven by ionic interactions between the polymers and the antigen. However, in this work 
our objective was to covalently conjugate the PCS5 peptide antigen to the NPs in order to achieve a 
more sustained and improved presentation of the antigen to the immune cells.  
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Apart from selecting the biomaterials to form the antigen nanocarriers, we also chose an adjuvant, 
the TLR3 agonist poly(I:C). This molecule mimics viral dsRNA, and activates TLR3 inducing robust 
cytokine and chemokine responses [45,55–57]. With these components, we designed three different 
nanosized systems, where the peptide antigen PCS5 was either (i) entrapped into the CS/DS NPs, as 
the control formulation, (ii) covalently linked to CS, or (iii) covalently linked to HA; prior to the 
formation of the NPs by adjusting the ionic interaction of CS with DS or HA (Fig. 1).  
 
Figure 1. Composition of the different prototypes developed in this work. Schematic representation of the 
preparation process for the three developed nanosystems. (A) CS/DS + PCS5 NPs, (B) CS–PCS5/DS/pIC NPs, and 
(C) CS/HA–PCS5/pIC NPs. CS, chitosan; DS, dextran sulfate; HA, hyaluronic acid; PCS5, protease cleavage site 5; 
pIC, poly(I:C); NPs, nanoparticles. 
 
3.2. Preparation of CS/DS + PCS5 NPs 
Using the preparation method for CS/DS NPs previously described by our laboratory [40], PCS5 was 
easily entrapped within CS/DS nanoparticles by simply adjusting the ionic interaction of the cationic 
peptide (PCS5) and the cationic polysaccharide (CS) with the negatively charged polysaccharide (DS) 
(Fig. 1A). The mass ratio 1:3 CS:DS resulted in adequate physicochemical properties, association 
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efficiently the cationic peptide. The resulting NPs had a particle size of approximately 120 nm, low 
polydispersity and a negative ζ-potential (Table 1).  
 
3.3. Preparation of CS–PCS5/DS/pIC NPs 
PCS5 peptide was conjugated to CS by an oxime bond, as schematically represented in Figure 2Ai. 
1H NMR analysis led to the identification of the signal peaks of the aromatic rings and isopropyl groups 
of PCS5 (in blue), together with specific signal peaks of CS’s glucosamine units (orange arrows), which 
confirms the chemical conjugation of peptide and polymer. The substitution degree, assessed using a 
colorimetric assay, was of 2.6 mol of PCS5 per mol of CS (14% in weight). 
The CS–PCS5 conjugate was then used to form NPs through ionic interaction with DS. In addition, 
poly(I:C) was also incorporated into the NPs to increase its immunostimulatory properties. NPs with 
adequate final antigen loading (5%), and poly(I:C) loading (0.3%) could be obtained when the CS:DS 
(w/w) ratio was 2:1 (Fig. 1B). The resulting NPs had a particle size of 140 nm, with low polydispersity 
and positive surface charge (Table 1). This positive charge was attributed to a certain excess of CS 
conjugated with the peptide, since increasing amounts of DS caused a decrease in the surface charge 
(Supporting Information, Fig. S1A).  
 
3.4. Preparation of CS/HA–PCS5/pIC NPs 
The conjugation of PCS5 to HA was achieved through the formation of a thioether bond, which has 
been reported to be cleaved in glutathione-rich environments, such as the cytosol [58]. In this case, 
thiol-maleimide chemistry was employed to link PCS5 to HA (Supporting Information, Fig. S2). The 
results of the 1H NMR and DOSY analyses allowed us to evaluate the peptide conjugation reaction and 
its yield. As shown in Figure 2Bii, the NMR spectrum of the conjugate exhibits the characteristic peaks 
of PCS5 (blue arrows), and those corresponding to the acetyl groups of HA (orange arrows). The 
substitution degree calculated by NMR was of 3.8 mol of PCS5 per mol of HA (15.9% in weight). On the 
other hand, DOSY analysis showed a diffusion coefficient for the conjugate of 9.5 x 10-8 cm2/s, similar 
to the one for HA (8.8 x 10-8 cm2/s), and much lower than the one observed for the free PCS5  (8.4 x 
10-7 cm2/s) (Supporting Information, Fig. S3); confirming the conjugation of the peptide to the 
polymer.  
Prior to the formation of the NPs using the HA–PCS5 conjugate, a screening of blank CS/HA NPs was 
conducted to select the most adequate polymer ratio combination (Supporting Information, Fig. S1B). 
A surface charge switch from positive to negative values was observed when the mass ratio CS:HA 
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decreased. For this reason, a mass ratio CS/HA 1:1 was selected to form these NPs, since their positive 
surface charge was expected to allow the association of the negatively charged poly(I:C) to the system 
(Fig. 1C). The final NPs had a particle size of approximately 200 nm and a positive surface charge of 
+30 mV (Table 1). Adequate loading values for PCS5 (5%) and poly(I:C) (0.05%) were also achieved 
(Table 1). 
Table 1. Physicochemical characterization of the three PCS5-loaded nanosystems.a 
Nanosystems Particle size (nm) PDI ζ-Potential (mV) Antigen loading (%) pIC loading (%) 
CS/DS + PCS5 119 ± 7 0.15 -50 ± 3 7.9 N/A 
CS–PCS5/DS/pIC 141 ± 6 0.17 +29 ± 3 4.9 0.3 
CS/HA–PCS5/pIC 211 ± 15 0.07 +30 ± 1 4.6 0.05 
aMean ± S.D., n ≥ 3. CS, chitosan; DS, dextran sulfate; HA, hyaluronic acid; PCS5, protease cleavage site 5; PDI, 
polydispersity index; pIC, poly(I:C); NPs, nanoparticles. 
 
 
Figure 2. Chemical characterization of polymer–PCS5 conjugates. (A) CS–PCS5 final conjugate, (i) schematically 
represented, (ii) 1H NMR of CS, PCS5, and CS–PCS5 conjugate. Blue arrows indicate the signals from the aromatic 
rings and isopropyl groups of PCS5, and orange arrows the glucosamine units of CS, both observed in the NMR of 
the conjugate. (B) HA–PCS5 conjugate (i) schematically represented, (ii) 1H NMR of HA, PCS5 and HA–PCS5 
conjugate. These results corroborated the presence of both the PCS5 characteristic signals (blue arrows), and the 
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3.5. Morphological analysis of the nanosystems 
Field emission scanning electron microscopy (FESEM) images from the NPs were taken for each 
nanosystem using the STEM and InLens detectors (Fig. 3). In all cases, a spherical particle shape could 
be observed, as well as diameters similar to the ones reported by DLS analysis (Table 1). 
 
Figure 3. Morphological characterization of the developed nanosystems. Field Emission Scanning Electron 
Microscopy (FESEM) images of (A) CS/DS + PCS5 NPs, (B) CS–PCS5/DS/pIC NPs and (C) CS/HA–PCS5/pIC NPs with 
the (i) STEM and (ii) InLens detectors. Scale bar 200 nm. CS, chitosan; DS, dextran sulfate; HA, hyaluronic acid; 
InLens, immersion lens; PCS5, protease cleavage site 5; pIC, poly(I:C); STEM, scanning transmission electron 
microscopy. 
 
3.6. Structural distribution of PCS5 in CS/HA–PCS5/pIC NPs 
XPS analysis was also used to characterize the surface composition of this nanocarrier. The amount 
of sulfur present on CS/HA–PCS5/pIC NPs (1.15%) was higher than the one observed in blank 
CS/HA/pIC NPs (0.28%), which indicates that PCS5 (2.05% of sulfur) must be present on the external 
layers of the NPs (Supporting Information, Table S1). Similarly, the ratios C/O and C/N determined for 
CS/HA–PCS5/pIC NPs (3.19 and 9.31, respectively) were closer to those of PCS5 (3.50 and 3.66) than 
to those observed in the blank CS/HA/pIC NPs (1.87 and 12.86), further confirming the prevalent 
presence of PCS5 on the surface of the NPs. 
On the other hand, the binding energy of an element is very sensitive to its chemical environment, 
and it can be used as the fingerprint of a compound. Thus, we compared the required energy to extract 
one electron from the carbon 1s orbital of PCS5, CS/HA/pIC and CS/HA–PCS5/pIC NPs (Supporting 
Information, Fig. S4). The obtained profiles indicated that the binding energies of PCS5 alone and 
CS/HA–PCS5/pIC were very similar, as additional proof that PCS5 was present on the surface of the 










NPs. This structural organization could facilitate the presentation of the antigen to B cells, and increase 
the humoral response against it, as already reported for similar antigen presentations [34,36]. 
 
3.7. PCS5 release when covalently attached to NPs 
In the present work, we also compared the influence of different covalent attachments in the 
generation of the immune response. In this regard, a non-cleavable bond (oxime bond, in CS–PCS5 
conjugate) and a cleavable one (thioether bond, in HA–PCS5 conjugate) were evaluated. In the case of 
the CS–PCS5 conjugate (Fig. 2Ai), the oxime bonds have been reported as highly-stable linkages at 
physiological pHs [59–61]. Therefore, this linkage would be the model for a long-lasting attachment of 
the peptide antigen, which would only be released after being processed by APCs. 
On the other hand, thioether bonds are known to undergo retro-Michael reactions in the presence 
of free thiols [35,58,62], which are presented in great amounts in the cytosol of cells as part of 
glutathione (GSH) molecules. To demonstrate this hypothesis, NPs were incubated in phosphate 
buffered saline (PBS), alone or with a 10 mM GSH concentration for up to 8 h at 37 °C. As shown in 
Figure 4, almost no PCS5 was detected upon incubation in PBS, however, upon incubation in a GSH-
rich medium, PCS5 was immediately released from the NPs. These results indicate that the release of 
the peptide is triggered by GSH and led us to speculate that the peptide will not be released in the 
extracellular medium, but only in the intracellular compartments where high concentrations of GSH 
are present [63,64]. 
 
 
Figure 4. PCS5 release from CS/HA–PCS5/pIC NPs in a thiol-rich PBS solution (GSH 10 mM), in comparison 
to only PBS. GSH, glutathione; PBS, phosphate buffer saline; PCS5, protease cleavage site 5. 
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3.8. Freeze-drying preserves NPs properties and allows long-term storage 
A key feature of vaccine formulations is their stability during storage. Thus, in order to improve the 
long-term stability of the antigen-loaded NPs, the different formulations were freeze-dried using 
different cryoprotectants. The results of the screening of the freeze-drying conditions led to the 
selection of a 7% of trehalose, for both CS/DS + PCS5 and CS/HA–PCS5/pIC NPs, and a 4% for the CS–
PCS5/DS/pIC NP formulation. These conditions guaranteed the preservation of the original properties 
of the formulations (Fig. 5). When stored at 4 °C, these freeze-dried formulations maintained PDI and 
surface charge stable for at least 18 months, while particle size slightly increased. 
  
Figure 5. Freeze-dried stability of the developed nanosystems. Evolution of the particle size and the surface 
charge of the freeze-dried (A) CS/DS + PCS5 NPs, (B) CS–PCS5/DS/pIC NPs and (C) CS/HA–PCS5/pIC NPs during 
storage. CS, chitosan; DS, dextran sulfate; FD, freeze-dried; HA, hyaluronic acid; PCS5, protease cleavage site 5; 
pIC, poly(I:C); NPs, nanoparticles. 
 
3.9. In vivo antibody responses 
To evaluate the in vivo activity of the different PCS5-loaded prototypes, freeze-dried formulations 
were resuspended in water, and 50 µL of this suspension (containing a PCS5 dose of 5 µg) were 
intramuscularly injected to BALB/c mice. A group of non-vaccinated animals was used as control. 
Animals were vaccinated 3 times, as shown in Figure 6A. 
Figure 6B shows the evolution of the anti-PCS5 IgG levels over time. Overall, the IgG responses 
elicited by the three different NP formulations increased significantly over time, reaching their 
maximum values at the latest time point in the experiment (week 16). At this time point, the amount 
of anti-PCS5 antibodies detected in all NPs was 3 times higher than the levels detected in unvaccinated 
mice. This increasing and prolonged immunogenic response is of particular interest in the design of an 
HIV vaccine, because persistent levels of antibodies seem to be important for an effective vaccination 
[65]. This response is also in agreement with previous data reported by our group that showed the 
capacity of the antigen-loaded NPs to induce significant IgG levels up to 28 or 37 weeks after 















































































immunization [21,26]. Considering these previous results, it is possible that the antigen-loaded NPs 
could still produce important levels of antibodies beyond the 16 weeks considered in our study. 
In addition to eliciting a strong and maintained immune response, the results of this study also 
indicate that the covalent linkage between the peptide and the NPs does not have an effect on the 
humoral responses. This is in contrast with previous findings where antigen conjugation improved 
humoral response when compared to simple ionic interactions [33,34].  
 
Figure 6. In vivo studies in mice. (A) Schematic representation of the study design and timeline of the analysis. (B) 
Anti-PCS5 antibody levels after the intramuscular administration of the three nanoformulations CS/DS + PCS5 (black 
bars), CS–PCS5/DS/pIC (white bars), and CS/HA–PCS5/pIC (gray bars) to 50 mice per group. Values represent mean 
± SEM (n ≥ 5). Statistical comparison between groups was done using a Mann-Whitney test. Significant statistical 
differences are represented as * (p < 0.05), ** (p < 0.01), *** (p < 0.001) and **** (p < 0.0001) for comparison 
between groups and to naïve mice. Mouse and syringe images in (A) were reproduced from Servier Medical Art 
under a Creative Commons Attribution 3.0 Unported License. https://creativecommons.org/licenses/by/3.0. CS, 
chitosan; DS, dextran sulfate; HA, hyaluronic acid; PCS5, protease cleavage site 5; pIC, poly(I:C); NPs, nanoparticles. 
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3.10. In vivo cellular activation 
To evaluate the changes in T cell subsets, and the cellular activation of different immune cells upon 
vaccination, splenocytes from naïve or NP-vaccinated mice were stained and analyzed for different T 
cell and monocyte/macrophage phenotyping markers. Multicolor flow cytometry gating strategy used 
for phenotyping is summarized in Supporting Information, Figure S5. 
Monocytes and macrophages are APCs that process and present pathogen-derived antigens to T 
cells. Depending on their function, murine monocytes can be further divided as Ly6chi and Ly6clow, 
being the former the classical pro-inflammatory and phagocytic monocytes, and the latter the non-
classical or patrolling monocytes [66–68]. Thus, the greater the activation of these APCs, the higher 
the capacity to recall other cellular populations and to stimulate the immune system. Splenocytes were 
stained with markers for phenotyping monocytes subsets Ly6chi and Ly6clow, and markers for 
characterizing macrophages (CD11b+ CD11c- F4/80+) to identify the different subsets (Supporting 
Information, Fig. S5A). To investigate whether the nanosystems were able to activate these 
subpopulations, the expression of the co-stimulatory signals CD40  and CD86, both involved in the T-
cell activation process [69–71], was measured. Regarding CD40 expression, the highest activation of 
Ly6chi, Ly6clow and macrophages by CS/HA–PCS5/pIC NPs took place 9 weeks post prime (Fig. 7). 
However, this expression decreased slightly during the subsequent weeks (Supporting Information, 
Fig. S6). For CS/DS + PCS5 and CS–PCS5/DS/pIC NPs the number of monocytes and macrophages 
expressing CD40 was lower than in the prototype containing HA, but the response remained for a 
longer period of time. In the case of CD86 monocytes and macrophages, the values mirrored the ones 
for CD40, with the difference that at later time points the values were similar to those found in naïve 
mice (Supporting Information, Fig. S6). Overall, the prototypes of CS/HA–PCS5/pIC NPs and CS–
PCS5/DS/pIC NPs elicited the highest stimulation of the monocyte/macrophage lineage (Fig. 7 and 
Supporting Information, Fig. S6), which might be caused by the covalent conjugation of the peptide 
antigen, in accordance with our hypothesis. In addition, we cannot discard the potential role of 





Figure 7. Monocyte and macrophage expression of co-stimulatory factors. CD40 and CD86 expression in (A-B) 
Ly6Clow monocytes; (C-D) Ly6Chigh monocytes and (E-F) macrophages at 9 weeks post prime was quantified by 
multicolor flow cytometry of splenocytes obtained from non-treated naïve (red bars) and NP-vaccinated mice: 
CS/DS + PCS5 (black bars), CS–PCS5/DS/pIC (white bars) or CS/HA–PCS5/pIC (gray bars). Values represent mean 
± SEM (n ≥ 3). Statistical comparison between groups was done using a Mann-Whitney test. Significant statistical 
differences are represented as * (p < 0.05) and ** (p < 0.01) for comparison between groups and to naïve mice. 
CS, chitosan; DS, dextran sulfate; HA, hyaluronic acid; PCS5, protease cleavage site 5; pIC, poly(I:C); NPs, 
nanoparticles. 
 
In a second set of experiments and, in order to further assess the activation of T cells, the secretion 
of two cytokines that influence anti-HIV responses, i.e., interleukin 2 (IL-2) and tumor necrosis factor 
alpha (TNFα) [73], was measured. IL-2 is involved in T-cell proliferation and expansion [74], while TNFα 
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We also aimed at evaluating the kinetics of T cell activation over time, bearing in mind that an 
immediate high T cell response would not necessary translate into the best protection. The results 
showed that the three prototypes were able to activate both CD4 and CD8 T cells with different 
cytokine secretion kinetics. The highest overall secretion was observed for CS/DS + PCS5 NPs at 10 
weeks. In the case of CS–PCS5/DS/pIC NPs, the highest secretion of both IL-2 and TNFa was observed 
at 9 weeks and 16 weeks post prime (Fig. 8), whereas in the case of CS/HA–PCS5/pIC NPs, this 
activation was more sustained at 12–16 weeks (Fig. 8). This pattern could be caused by the different 
release profiles of the antigen from the NPs, as previously discussed. It is also worth mentioning that 
delayed T cell activation observed here has also been recently described for an mRNA-based vaccine 
[78], a result that raises questions regarding the ideal T cell activation profile that will guarantee an 
efficient protection.  
 
Figure 8. CD4 and CD8 T-cell activation. IL-2 and TNFα secretion in (A, C) CD4 and (B, D) CD8 T cells was quantified 
by multicolor flow cytometry of T-cells derived from splenocytes from non-treated naïve (red bars) and NP-
vaccinated mice: CS/DS + PCS5 (black bars), CS–PCS5/DS/pIC (white bars) or CS/HA–PCS5/pIC (gray bars). Values 
represent mean ± SEM (n ≥ 3). Statistical comparison between groups was done using a Mann-Whitney test. 
Significant statistical differences are represented as * (p < 0.05) for comparison between groups and to naïve 






































































































































































Besides effector T cells, the generation of memory T cells by vaccines is also important to guarantee 
long-term responses against infections [79]. Depending on the expression of the homing marker L-
selectin (CD62L), CD4 and CD8 memory T cells can be further divided as central memory T cells (TCM; 
CD44+ CD62L+) and effector memory T cells (TEM; CD44+ CD62L-). Regarding their role in the immune 
response, TCM are important for the stimulation of dendritic cells and B cells, and also because they 
help expand the effector T cell subsets once they have encountered the antigen. On the other hand, 
in the same situation, TEM rapidly convert to effector cells to fight against the infection [80,81]. Hence, 
our objective was to assess if the three nanoformulations under study were able to increase both types 
of memory T cells, thereby ensuring a good immune response upon infection. The results in Figure 9 
indicate that the three prototypes generated a modest number of memory T cells for up to several 
weeks after the last boost. In general, the highest proportions of memory T cells corresponded to 
CS/HA–PCS5/pIC NPs and CS/DS + PCS5 NPs, both at shorter and later time points.  
 
Figure 9. Change in CD4 and CD8 central memory and effector memory T cells. The amount of CD4 and CD8 T 
cell subsets expressing (A, C) CD44+ CD62L- (T effector memory – TEM) and (B, D) CD44+ CD62L+ (T central memory 
– TCM)) was quantified by multicolor flow cytometry of splenocytes from naïve (red bars) and NP-vaccinated mice: 
CS/DS + PCS5 (black bars), CS–PCS5/DS/pIC (white bars) or CS/HA–PCS5/pIC (gray bars). Values represent mean 
± SEM (n ≥ 3). Statistical comparison between groups was done using a Mann-Whitney test. Significant statistical 
differences are represented as * (p < 0.05) and ** (p < 0.01) for comparison between groups and to naïve mice. 
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Overall, the three prototypes of NPs showed the ability to generate important antibody responses 
(Fig. 6B), whereas the ones containing PCS5 conjugated (CS/HA–PCS5/pIC NPs and CS–PCS5/DS/pIC 
NPs) activated APCs in a higher extent (Fig. 7). In terms of cellular activation, all prototypes were able 
to increase the secretion of important cytokines such as IL-2 and TNFa, although the production 
kinetics varied depending on the prototype (Fig. 8). The implications of these secretion patterns in the 
protection against infection is a subject that has to be further analyzed.  
 
4. Conclusions 
In the present study, we engineered different polysaccharide-based NPs loaded with an SIV peptide 
antigen candidate, PCS5. The results showed that different factors, such as the attachment of the 
antigen (ionic interactions, cleavable and non-cleavable conjugations), the presence of 
immunomodulatory molecules such as poly(I:C), or the nature of the polysaccharides (CS, DS or HA) 
could importantly influence the type of the elicited immune response. All the nanosystems showed 
the ability to induced humoral responses against the antigen, while for the kinetics of the effector T 
cell responses varied depending on the prototype. In summary, composition, antigen attachment and 
adjuvants are important design aspects that need to be considered when developing nanovaccines. 
Further in vivo studies would be needed to evaluate whether these humoral and cellular responses 
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Supporting Figure S1. Evolution of particle size and zeta potential of blank (A) CS/DS NPs and (B) CS/HA NPs as 











Supporting Figure S3. Diffusion-ordered spectroscopy (DOSY) spectra of PCS5, HA and HA–PCS5. HA, hyaluronic 












































































































Supporting Figure S4. Carbon s1 binding energies of PCS5 (orange), CS/HA/pIC NPs (blue) and CS/HA–PCS5/pIC 





Supporting Figure S5. Multicolor flow gating of (A) monocytes Ly6chi and Ly6clow and macrophages CD11b+ 
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Supporting Figure S6. Monocyte and macrophage expression of co-stimulatory factors at 10, 12, 14 and 16 
weeks post prime. CD40 and CD86 expression in (A–B) Ly6Clow monocytes; (C–D) Ly6Chigh monocytes and (E–F) 
macrophages was quantified by multicolor flow cytometry of splenocytes obtained from non-treated naïve (red 
bars) and NP-vaccinated mice: CS/DS + PCS5 (black bars), CS–PCS5/DS/pIC (white bars) or CS/HA–PCS5/pIC (gray 
bars). Values represent mean ± SEM (n ≥ 3). Statistical comparison between groups was done using a Mann-
Whitney test. Significant statistical differences are represented as * (p < 0.05) and ** (p < 0.01) for comparison 
between groups and to naïve mice.; CS, chitosan; DS, dextran sulfate; HA, hyaluronic acid; PCS5, protease 

































































































































































































































































































Supporting Table S1. Elemental composition (%) by XPS of the surface of CS, HA, PCS5, blank CS/HA/pIC NPs 
and loaded CS/HA–PCS5/pIC NPs.  
Sample C O N Cl Mg F Na S C/O C/N 
Chitosan 50.53 32.78 7.46 6.18 2.75 0.30 - - 1.54 6.77 
Hyaluronic acid 51.73 34.87 3.95 0.45 0.71 5.42 5.88 - 1.48 13.10 
PCS5 58.49 16.72 15.96 - - 6.79 - 2.05 3.50 3.66 
CS/HA/pIC NPs 55.19 29.38 4.29 2.05 - - 4.56 0.28 1.87 12.86 
CS/HA–PCS5/pIC NPs 65.51 20.52 7.04 3.67 - 0.39 1.72 1.15 3.19 9.31 
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Assessment of the efficacy of a tri-peptide nanoparticle-based SIV vaccine 
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In the first part of this chapter we showed that the attachment of the PCS5 antigen to different 
nanoparticles (NPs) influenced the immune response generated in mice. Hence, in this second part of 
the chapter, the objective was to evaluate the potential of two of these NPs containing three protease 
cleavage site (PCS) peptides. The selected prototypes were chitosan/dextran sulfate (CS/DS) NPs with 
the PCSs associated by ionic interactions; and chitosan/hyaluronic acid/poly(I:C) (CS/HA–PCS/pIC) NPs, 
in which the PCSs were covalently linked to HA. The peptide antigens were separately associated to 
the NPs and a cocktail of each prototype containing the three PCSs was prepared. Furthermore, the 
physicochemical properties of the resulting prototype cocktails were similar to the ones of the NPs 
loading the individual PCSs. Finally, in vivo studies were conducted in non-human primates. Animals 
were immunized with the combination of the two selected prototypes of NPs containing the three 
PCSs, by intramuscular and intranasal administration. The performance of these prototypes was 
compared with that of a formulation previously reported, composed of CS/DS NPs loaded with the 
twelve PCSs in combination with specific viral vectors coding for these sequences. The results showed 
that the combination of NPs containing three PCSs was able to protect 50% of the animals upon seven 
SIV intravaginal challenges, compared to the control (25%). On the other hand, the combination of the 
twelve PCSs resulted in 75% protection. Overall, these results pave the way to develop an effective 
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Tremendous economic and scientific efforts have been made to develop a successful HIV vaccine. 
Up until now, six HIV vaccines have completed phase III clinical trials, however, none of them has 
reported an important protection against virus acquisition [1,2]. Overall, two main strategies are 
currently being pursued for developing an effective HIV vaccine. One of them is focused on generating 
a balanced activation of T and B cells, while the other one aims at stimulating an specific B cell 
immunity able to elicit broadly neutralizing antibodies [2,3]. Whether one of these approaches, or a 
combination of them, will be the solution for HIV prevention, is still unknown. 
Most of the HIV vaccine prototypes developed so far consist of certain HIV antigens, such as Env, 
Gag, or Pol, administered as full-length proteins with adjuvants, and/or delivered by viral vectors [3,4]. 
In this context, it has been suggested that nanocarriers could be an alternative to these viral vectors, 
which are usually highly immunogenic. Indeed, nanosystems have been reported to protect antigens, 
while delivering them to specific immune cells, thereby enhancing the activity of the antigen [5–7]. 
Moreover, the nanosystem may also include one or more immunomodulators, the combination of 
which may result in an enhanced adjuvant effect [5–7]. The efficacy of this nanotechnological approach 
has been shown at the preclinical level [6], but also by the fact that a few nanotechnology-based 
formulations are already in the market [8,9] (Introduction, Table 1).  
Apart from the classical Env, Gag and Pol immunogens, Luo and collaborators have described the 
twelve sequences surrounding the HIV protease cleavage sites (PCSs) as potent alternative antigens to 
these full-length proteins [10,11]. In this regard, good immune responses were recently described after 
the administration of these PCS vaccine to non-human primates (NHPs) [12,13]. This vaccine was 
composed of a combination of recombinant vesicular stomatitis virus (rVSV) coding for the twelve 
PCSs, together with a cocktail of CS/DS NPs associating the twelve PCS peptides [12,13]. 
Considering this background information, together with the results presented in Chapter 1.A, 
where the capacity of different PCS5-loaded NPs to activate the immune response in mice was shown 
[14], the objective of this work was to investigate the potential value of a NP-based vaccine candidate 
containing three PCS peptides as antigens. The vaccine efficacy of this new vaccine candidate was 
evaluated in non-human primates (NHPs) and compared to the one of the vaccine containing the 
twelve PCSs delivered both in NPs and in viral vectors [15]. 
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2. Materials and methods 
2.1. Materials 
Chitosan (CS) (chlorhydrate salt, molecular weight (MW) 42.7 kDa and an 88% deacetylation 
degree) was purchased from HMC+ (Halle, Germany). Dextran sulfate (DS), (sodium salt, MW 8 kDa) 
was obtained from Sigma-Aldrich SAFC® (MO, USA). Research grade sodium hyaluronate (HA) (MW 57 
kDa) was purchased from Lifecore Biomedical (MN, USA). Poly(I:C) HMW was acquired from InvivoGen 
(CA, USA) and high purity α,α–Trehalose dihydrate was purchased from Pfanstiehl (IL, USA). SIV 
peptides PCS2 (sequence: GGPGQKARLMAEALKEALAP, MW 2010 Da), PCS5 peptide (sequence: 
GPWGKKPRNFPMAQVHQGLM, MW 2280 Da), and PCS12 (sequence: NQGQYMNTPWRNPAEEREKL, 
MW 2460 Da)) with or without a terminal cysteine residue and >95% purity, were purchased from 
GenScript (NJ, USA). MES hydrate, N-(2-aminoethyl)maleimide trifluoroacetate salt (ASEM), N-
hydroxysuccinimide (NHS) and N-(3-Dimethylaminopropyl)-N´-ethylcarbodiimide hydrochloride (EDC) 
were obtained from Sigma-Aldrich (MO, USA). 
 
2.2. Preparation of CS/DS + PCS NPs 
CS/DS NPs in a mass ratio 1:3, and associating each PCS separately, were prepared using the same 
protocol previously described for PCS5 [14]. Once prepared, 0.5 mL of each PCS-loaded nanosystem 
were mixed, and the individual formulations and the physical mixture were characterized by DLS 
(section 2.5). At last, 1.5 mL of the cocktail were freeze-dried with 0.6 mL of a trehalose aqueous 
solution (45% w/v). Just prior the immunization, the freeze-dried formulation was reconstituted in 1.3 
mL of water for a final concentration of 0.05 mg/mL of each PCS.  
 
2.3. Synthesis of HA–PCS conjugates 
The peptide antigens (PCS2, PCS5 and PCS12) were separately linked to HA by a thiol-maleimide 
conjugation reaction following exactly the same procedure previously described for HA to PCS5 
conjugation [14]. The resulting conjugates were characterized by 1H NMR following a protocol already 
published [14].  
 
2.4. Preparation of CS/HA–PCS/pIC NPs 
For the preparation of these NPs, a mass ratio 1:1 CS/HA was employed. In all cases, a 2 mg/mL 
aqueous solution of HA was prepared, adjusting the final peptide concentration of 0.20 mg/mL. 
Besides, poly(I:C) was added as a 1 mg/mL aqueous solution to have a final concentration of 2 µg/mL. 
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The NPs containing each of the HA–PCS conjugates were prepared as described for the CS/HA–
PCS5/pIC NPs [14]. Once the NPs containing each PCS conjugate were fabricated, all the PCS-loaded 
nanosystems were mixed in equal volumes and characterized before and after the process. Then, 0.9 
mL of the cocktail was freeze-dried with 0.6 mL of a trehalose aqueous solution (22.5% w/v). Before 
the immunization, the freeze-dried formulation was reconstituted in 0.9 mL of water to a final 
trehalose concentration of 15%. 
 
2.5. NP characterization 
The mean size (Z-average) and polydispersity index (PDI) of the NPs were characterized by Dynamic 
Light Scattering (DLS). The zeta potential values of the NPs were determined by Laser Doppler 
Anemometry (LDA), measuring the mean electrophoretic mobility after a 10-times dilution of the NPs 
in ultrapure water. Both properties were measured using a Zetasizer® NanoZS, using the software 
Zetasizer v7.13 (Malvern Instruments, Malvern, UK). The measurements were performed at 25 °C with 
a detection angle of 173. 
 
2.6. Freeze-drying 
The freeze-drying process followed was the same described in another publication [14]. The 
resuspended NPs were characterized as described in section 2.5. 
 
2.7. Preparation of the reference formulation 
Both, the CS/DS NPs containing the twelve PCS and the recombinant vesicular stomatitis virus 
(rVSV) coding for the same PCS, were prepared as described in early reports [12,13,15].  
 
2.8. Animal studies 
All animal studies were conducted at the Wisconsin National Primate Research Center (USA). The 
experiments were approved by the University of Wisconsin (Institutional Animal Care and Use 
Committees, protocol number G005765), in accordance with the US Animal Welfare Act and following 
the recommendations of the National Research Council Guide for the Care and Use of Laboratory 
Animals (8th Edition), and the Weatherall report for The Use of Nonhuman Primates in Research. The 
Wisconsin National Primate Research Center is fully accredited by Association for Assessment and 
Accreditation of Laboratory Animal Care International (AAALAC) under the University of Wisconsin, 
Division of Vice-Chancellor for Research and Graduate Education [15]. 
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Vaccine evaluation was conducted using the Mauritian cynomolgus macaque (MCM)/SIVmac251 
infection model [15]. 
Female Mauritian cynomolgus macaques were housed in pairs within the same experimental group 
during the immunization phase of the study, with visual and auditory access to the other animals. 
Paired animals lived in two adjacent standard stainless-steel primate cages. Rooms were maintained 
at 18–24 °C, 30–70% humidity, and on a 12:12 light-dark cycles. Standard non-human primate food 
with fruit or vegetables was provided daily. In addition, foraging activities and physical environmental 
enrichment were provided at least weekly, for both activities. All animals were observed at least twice 
daily for health or welfare issues. Sedation (ketamine alone, or ketamine/dexmedetomidine, 
atipamezole for reversal) was provided during the experimental procedures [15]. 
 
2.9. Administration scheme 
In all cases, NPs were presented in a freeze-dried form and resuspended before administration. 
Each animal group was formed by eight female macaques. The administration protocol of the different 
formulations was as follows. 
 
2.9.1. The combination of CS/DS and CS/HA/pIC NPs containing three PCSs (Nano, 3 PCSs) 
Each animal in this group received two administrations at the same time: one of each NP prototype, 
one intranasally (i.n.) and the other one intramuscularly (i.m.). These administrations were done once 
every four weeks, for total of four times (one prime and three boosts) (Fig. 1A). 
For the CS/DS NPs, 1 mL of the NP suspension (50 µg of each PCS/prototype/animal) was i.n. 
administered, half of the volume to each nostril. For the CS/HA/pIC NPs, 1.5 mL of these NPs were i.m. 
injected to the animal flank (50 µg of each PCS/prototype/animal) (Fig. 1A).  
 
2.9.2. The combination of rVSV and CS/DS NPs delivering the twelve PCSs (rVSV + Nano, 12 PCSs) 
Each animal in this group received one prime (with rVSVs) and four boosts (1st boost: rVSV + NPs; 
2nd boost: NPs; 3rd boost: rVSV + NPs; 4th boost: rVSV). In all cases, the rVSVs were i.m. administered 
with a dose of 2x107 pfu/animal (except in the 4th boost, with 1x108 pfu/animal). For the cocktail of 
CS/DS NPs with the twelve PCSs, a total volume of 0.5 mL was i.n. administered to each animal (50 µg 





2.9.3. The control group 
The control group received ultrapure water i.n., and the wild type VSVs i.m., following the same 
administration scheme than the group of the twelve PCSs (section 2.9.2) [15] (Fig. 1B). 
 
2.10. Intravaginal challenges 
Intravaginal challenges were done every two weeks starting at 16 weeks (for the group of Nano, 3 
PCS) or 24 weeks (for the control group and the group of rVSV + Nano, 12 PCSs) after the last vaccine 
administration; for a total of seven challenges (Fig. 1). 
 
Figure 1. Vaccine administration and challenges schedule for (A) the combination of the CS/DS and 
CS/HA/pIC nanoparticles with the three PCSs, administered intranasally and intramuscularly, respectively; 
and (B) the reference formulation based on the viral vectors and CS/DS nanoparticles containing the twelve 
peptide antigens, administered intramuscularly and intranasally, respectively [15]. CS, chitosan; DS, dextran 
sulfate; HA, hyaluronic acid; i.m.; intramuscular; i.n., intranasal; NPs, nanoparticles; PCS, protease cleavage 
site; pIC, poly(I:C); rVSV, recombinant vesicular stomatitis virus. 
Intravaginal challenges consisted of 250 times the 50% tissue culture infectious dose (TCID50) of 
SIVmac251, contained in 1 mL of saline [15]. The virus was delivered using a TB syringe without the 
needle, or with a rounded end gavage tube. The syringe was gently inserted into the vagina about 4 
cm, then slightly withdrawn, and the dose slowly injected for 1 min. Then, the animal’s pelvic region 
was kept elevated for about 30 min before returning the animal to its cage. At the moment of syringe 
withdraw, it was examined to ensure that no trauma to the vagina had been inflicted. For anesthesia, 
animals were immobilized against the front of the cage by a squeeze back mechanism, and 
anesthetized using up to 7 mg/kg ketamine (i.m.) and up to 0.03 mg/kg dexmedetomidine (i.m.). At 


























Group Nano, 3 PCSs: CS/DS NPs (i.n.) and CS/HA/pIC NPs (i.m.)
Group rVSV + Nano, 12 PCSs: rVSV (i.m.) and CS/DS NPs (i.n.)
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phase. Any additional anesthesia was administered only in consultation with a WNPRC veterinarian. 
Alternative anesthesia would only be used as directed by a WNPRC veterinarian. The duration of 
anesthesia was usually less than 45 min. Monitoring of anesthesia recovery was documented every 15 
min until the animal was sitting upright, then every 30 min until the animal was fully recovered. 
Plasma viral load was quantified on days 6, 10 and 14 of each challenge round. Furthermore, any 
animal found infected was not further challenged. Viral RNA was isolated from plasma samples using 
the Maxwell 16 Viral Total Nucleic Acid Purification kit on the Maxwell 16MDx instrument (Promega, 
WI, USA). Viral RNA was then quantified using a highly sensitive qRT-PCR assay based on a previously 
published protocol [15,16]. 
 
2.11. Statistical analysis 
Data analysis was performed using GraphPad Prism version 7.0 (GraphPad Inc). Data are expressed 
as the mean ± standard deviation (SD). 
 
3. Results and Discussion 
Based on the promising in vivo responses in NHPs generated by the twelve PCS-based vaccine 
(composed by a combination of viral vectors and NPs delivering the twelve PCSs) [12,13], and 
considering the results described in Chapter 1.A [14], two types of NPs were selected for their 
combination in a preliminary efficacy study in NHPs. Namely, chitosan/dextran sulfate (CS/DS) NPs and 
chitosan/hyaluronic acid/poly(I:C) (CS/HA/pIC) NPs were the chosen prototypes. 
More specifically, CS/DS NPs were selected due to their capacity to elicit cellular responses at short 
times after vaccination in mice [14]. Besides, this was the same composition as in the NPs employed 
in the previously reported twelve PCS-based vaccine [12,13]. Since these NPs had been administered 
intranasally targeting mucosal immunity, with important IgG levels detected at mucosal sites [13], the 
same route of administration was maintained in this new study. 
In the case of the CS/HA/pIC NPs, the rationale behind their selection was based on their capacity 
to elicit a modest but sustained T cell activation in mice [14]. These NPs were administered 
intramuscularly in order to generate a broad systemic immune response. 
With regard to the selection of the antigens, our goal was to evaluate the potential of a vaccine 
with a minimum amount of PCS antigens. Thus, rather than using the twelve peptides previously 
investigated, we selected the PCS5 peptide that was used for the initial evaluation in mice, as well as 
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the PCS2 and PCS12 peptides. The concept behind this selection was based on the fact that single 
mutations surrounding these particular sites were reported to significantly impair viral fitness, thus 
hampering the capacity of the virus to replicate (data not shown). With this idea in mind, the two 
selected NP prototypes were adapted to associate the three selected PCSs, separately. Finally, the two 
prototypes were administered, one intranasally and the other intramuscularly, to NHPs, with the final 
goal of evaluating their protection capacity against SIV infection. 
 
3.1. Preparation of CS/DS + PCS NPs 
The association of the three selected peptides to CS/DS NPs by ionic interactions was performed as 
described in Chapter 1.A for PCS5 peptide [14]. The resulting NPs had similar physicochemical 
properties, independently of the loaded PCS (Table 1). The three NP suspensions were mixed to obtain 
a cocktail containing the three peptide antigens. As observed in Table 1, the physicochemical 
properties of the cocktail suspension were similar to those of the individual prototypes, with a particle 
size around 120 nm, a low polydispersity and a high negative zeta-potential.  
Table 1. Physicochemical properties of the CS/DS nanoparticles formulated with each PCS, before and after 
the physical mixture of the three nanosystems (cocktail). 
CS/DS + PCS Particle size (nm) PDI ζ-potential (mv) 
PCS2 109 ± 6 0.14 -50 ± 4 
PCS5 124 ± 8 0.15 -53 ± 3 
PCS12 102 ± 5 0.15 -52 ± 4 
Cocktail 117 ± 6 0.16 -50 ± 4 
Values represent mean ± SD (n ≥ 3). CS, chitosan; DS, dextran sulfate; PCS, protease 
cleavage site; PDI, polydispersity index.  
 
3.2. Preparation of CS/HA–PCS/pIC NPs 
Firstly, HA–PCS conjugates were synthesized, then, this modified HA were used to prepare the NPs.  
3.2.1. Synthesis of the HA–PCS conjugates 
HA conjugates were prepared following a two-step maleimide reaction. Each peptide was 
separately linked to HA, and the resulting conjugates were characterized by 1H NMR (Fig. 2). For PCS2, 
the NMR spectra of the conjugate exhibited the characteristic peaks of the isopropyl groups of the 
three leucine amino acids of the peptide, together with the acetyl groups of HA (Fig. 2B). The calculated 
substitution degree was 205 ± 21 µg PCS2/mg of HA, with a 90% yield. In the case of PCS12, both the 
isopropyl peaks of the leucine, and of the aromatic amino acids (tyrosine and tryptophan), could be 
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identified in the NMR spectrum of the HA–PCS12 (Fig. 2C). The substitution degree for PCS12 was of 
119 ± 56 µg PCS12/mg of HA and the yield, 52%. As already described in Chapter 1.A, for PCS5 the 
substitution degree was of 159 ± 26 µg PCS5/mg of HA and a 70% yield (Fig. 2B) [14].  
 
Figure 2. NMR characterization of the three HA-PCS conjugates. (A) Schematic representation of a HA–PCS 
conjugate. (B) 1H-NMR of HA, PCS2 and HA–PCS2 conjugate. The PCS2 leucine peaks (pink arrows), and the acetyl 
groups of HA (orange arrows) are found in the conjugate. (C) 1H-NMR of HA, PCS5 and HA–PCS5 conjugate. These 
results corroborated the presence of both the PCS5 leucine peaks (pink arrows) and aromatic signals (blue 
arrows); and the acetyl groups of HA (orange arrows) in the conjugate. (D) 1H-NMR of HA, PCS12 and HA–PCS12 
conjugate. The signal of both the leucine of PCS12 (pink arrows) and of the aromatic rings (blue arrows), can be 
detected in the NMR, together with the acetyl groups of HA (orange arrows). HA, hyaluronic acid; PCS, protease 
cleavage site. 
 
3.2.2. Preparation of CS/HA–PCS/pIC NPs 
Once the polymer–peptide conjugates were synthesized and characterized, NPs were prepared 
following the same procedure that for the HA–PCS5 conjugate in Chapter 1.A [14]. Depending on the 
substitution degree values, the amounts of unmodified and modified HA were adapted to have a final 
peptide concentration of 0.1 mg/mL, while maintaining the total amount of HA (1 mg/mL). As shown 
in Table 2, the physicochemical properties of the cocktail formulation were similar to those of the 
individual formulations of each PCS peptide, with a particle size around 170 nm, a very low PDI and a 






















Table 2. Physicochemical properties of the CS/HA–PCS/pIC nanoparticles formulated with each PCS, before 
and after the physical mixture of the three nanosystems (cocktail). 
CS/HA–PCS/pIC Particle size (nm) PDI ζ-potential (mv) 
PCS2 166 ± 13 0.07 +29 ± 2 
PCS5 176 ± 11 0.08 +31 ± 1 
PCS12 170 ± 12 0.08 +30 ± 2 
Cocktail 175 ± 12 0.09 +31 ± 2 
Values represent mean ± SD (n ≥ 3). CS, chitosan; HA, hyaluronic acid; PCS, protease cleavage site; PDI, 
polydispersity index; pIC, poly(I:C). 
 
3.3. Development of two freeze-dried formulations containing three peptide antigens 
The developed NPs were freeze-dried as a way to increase the long-term stability of the cocktail 
formulation. At the same time, this process allowed us to concentrate the formulation in order to reach 
the target dose of 50 µg of each PCS, per prototype and per animal. Considering this final dose and the 
different administration volumes required by the intranasal and intramuscular routes, the freeze-
drying conditions for each prototype of NPs were adapted using trehalose as the cryoprotectant. The 
final colloidal properties of the NPs, before and after the freeze-drying process, are summarized in 
Table 3.  
Table 3. Physicochemical properties of the developed nanoparticles containing the three PCSs, before and 
after the freeze-drying process. 









Before n/a 117 ± 6 0.16 -50 ± 4 
Intranasal 
After 20% 177 ± 11 0.18 -56 ± 7 
CS/HA/pIC 
Before n/a 175 ± 12 0.09 +31 ± 2 
Intramuscular 
After 15% 292 ± 25 0.10 +32 ± 2 
Values represent mean ± SD (n ≥ 3). CS, chitosan; DS, dextran sulfate; FD, freeze-drying; HA, hyaluronic acid; 
n/a, not applicable; PCS, protease cleavage site; PDI, polydispersity index; pIC, poly(I:C).  
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3.4. Evaluation of the nanovaccine capacity to prevent SIV infection 
Finally, the efficacy of these formulations in terms of SIV prevention was assessed in NHPs. 
Additionally, the efficacy of the NPs described in this chapter was compared to that of the reference 
formulation, composed of CS/DS NPs associating the twelve PCSs, combined with the rVSV vectors 
coding for these sequences (rVSV + Nano, 12 PCSs).  
The combination of the CS/DS and CS/HA/pIC NPs described in this chapter (Nano, 3 PCSs) were 
administered to eight female macaques. Each animal received both, at the same time, an i.n. 
instillation of the CS/DS + PCS cocktail of NPs and an i.m. injection of the CS/HA–PCS/pIC cocktail of 
NPs, every four weeks, for a total of four doses each (Fig. 1A). In parallel, the reference formulation 
containing the twelve PCSs delivered in viral vectors and in NPs (rVSV + Nano, 12 PCSs) was also 
administered to eight female macaques. In this group, each animal was first primed with the rVSVs 
i.m. and, then, boosted with a combination of the NPs i.n. and the rVSVs i.m. (in the 1st and 3rd boosts), 
only the NPs i.n. (in the 2nd boost) or the rVSVs i.m. alone (in the 4th boost) (Fig. 1B) [15]. In both cases, 
animals were challenged every two weeks, and viral loads monitored. 
The results in Figure 3 indicate that the combination of NPs containing three PCSs was able to delay 
the infection after subsequent intravaginal SIV challenges, and to protect 50% of the animals upon 
seven of these challenges, compared to the control (25%). On the other hand, the combination of the 
twelve peptides in NPs and viral vectors (reference formulation) resulted in 75% protection after seven 
challenges [15]. 
It is important to highlight that the formulation developed in this study contains only three of the 
twelve peptides that have been described as critical to prevent the virus maturation [10,11]. Indeed, 
the formulation with the twelve peptides and a highly immunogenic carrier (rVSV + Nano, 12 PCSs) 
showed very promising results in terms of SIV prevention [15]. Therefore, it is possible that a better 
selection of peptides or an increase of this number might improve the potency of the NP-based 
vaccine. Besides, the incorporation of additional adjuvants might help to increase the levels of 
protection. Altogether, we believe that there is still space to optimize the NP-based vaccine in order 






Figure 3. Preliminary in vivo study in NHPs. (A) Summary of the formulations administered in each vaccination 
group. (B) Non-human primates were vaccinated either with the CS/DS and CS/HA/pIC nanoparticles containing 
the three PCSs (Nano, 3 PCSs; in blue); the reference formulation based the twelve peptide antigens delivered in 
viral vectors and in CS/DS nanoparticles (rVSV + Nano, 12 PCSs; in red) [15]; or with the control VSVs without the 
peptides and ultrapure water (Control; in black). Percentage of uninfected animals after every intravaginal 
challenge with SIV, up to seven challenges. CS, chitosan; DS, dextran sulfate; HA, hyaluronic acid; i.m., 




Overall, we have successfully loaded three PCSs peptides into two selected polysaccharide-based 
NPs protypes. This combination of two formulations, one of them administered intramuscularly and 
the other one intranasally, led to a 50% protection against seven SIV challenges, compared to the 25% 
of non-infected control animals. Although some adjustments in both, the NP carrier design and the 
peptide selection, could be necessary, the reported outcome of this study in primates supports that a 
vaccine based on PCSs peptides loaded into NPs, could be an interesting and alternative strategy to 
develop an effective HIV vaccine.  
A
B
Nano, 3 PCSs: CS/DS NPs (i.n.) and CS/HA/pIC NPs (i.m.)
rVSV + Nano, 12 PCSs: rVSV (i.m.) and CS/DS NPs (i.n.)
Control: wild type VSV (i.m.) and ultrapure water (i.n.)
SIV challenges




















rVSV + Nano, 12 PCSs
Nano, 3 PCSs
Control
rVSV + Nano, 12 PCSs
Nano, 3 PCSs
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Technological challenges in the preclinical development of an HIV 
nanovaccine candidate 
This work has been done in collaboration with CIDETEC (Basque Research and Technology Alliance, 
Spain), with Ultra Trace Analyses Aquitaine (Technopôle Hélioparc Pau-Pyrénées, France); and with the 
University of Manitoba (Canada). 
 
Abstract 
Despite active research in the field of nanomedicine, only a few nano-based drug delivery systems 
have reached the market. The “death valley” between research and commercialization has been 
partially attributed to the limited characterization and reproducibility of the nanoformulations. Our 
group has previously reported the potential of a peptide-based nanovaccine candidate for the 
prevention of SIV infection in macaques. This vaccine candidate is composed of chitosan/dextran 
sulfate nanoparticles containing twelve SIV peptide antigens. The aim of this work was to rigorously 
characterize one of these nanoformulations containing a specific peptide, following a quality-by-design 
approach. The evaluation of the different quality attributes was performed by several complementary 
techniques, such as dynamic light scattering, nanoparticle tracking analysis and electron microscopy 
for particle size characterization. The inter-batch reproducibility was validated by three independent 
laboratories. Finally, the long-term stability and scalability of the manufacturing technique were 
assessed. Overall, these data, together with the in vivo efficacy results obtained in macaques, 
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In the last decades, nanotechnology has shown a great potential for the delivery of complex 
biomolecules [1–8] and particularly antigens [9–12]. Advances in this field have led to the clinical 
approval of a few tens of nanoformulations [13–15], and to the evaluation of many more in clinical 
trials [11,14]. Regardless of the type of formulation, nanomedicines are usually complex systems, 
where small changes in their production or composition can result in a decreased efficacy and, often, 
undesired side effects [16]. This complexity is also one of the main reasons that has hindered the 
commercialization of nanotechnology-based drugs [17,18]. For example, Couvreur  et al. have recently 
reported the challenges faced during the scale-up of squalene-adenosine NPs and the important 
differences in the physicochemical properties of lab- and industrial-scale batches [19]. Therefore, a 
detailed analytical characterization of the nanomedicines is a critical step to identify their most 
important manufacturing features, and to ensure their reproducibility, therapeutic efficacy and safety 
[16,20].  
Pharmaceutical quality-by-design (QbD) is a systematic approach that begins by predefining the 
characteristics of the targeted formulation. It is based on implementing statistical, analytical and risk-
management methods in order to understand the product and the processes involved in its fabrication 
[21]. The application of QbD is essential to guarantee the safety and efficacy of a formulation [21–24]. 
In addition, the knowledge generated through these approaches represents critical information to be 
considered by the regulatory authorities. The increasing application of QbD approaches for the 
development of nanoformulations will certainly contribute to generate more robust formulations [25–
30]. Additionally, as indicated by the MIRIBEL recommendations [31], the report of a minimum 
information about nano-delivery systems in terms of material and biological characterization, together 
with the experimental protocol details, will be another key aspect in the generation of more robust 
nanomedicines. 
Despite the important advances achieved in vaccination through the use of nanotechnology, still 
many infectious diseases (i.e., HIV, malaria or tuberculosis) remain elusive to vaccination [11]. Our 
group has dedicated significant efforts to the development of effective nanovaccines for different 
infectious diseases [32–35]. All this knowledge brought us to develop, in collaboration with 
investigators of the University of Manitoba, a potential HIV vaccine candidate based on polysaccharide 
nanoparticles (NPs) [36–38]. The vaccine is composed of twelve different small peptide antigens that 
overlap the protease cleavage sites (PCS) of the virus, that are associated to chitosan/dextran sulfate 
(CS/DS) NPs [36,38]. The promising results reported in macaques encouraged us to optimize and adapt 
the nanoformulation for its production in a pilot plant for preclinical and, potentially, future clinical 
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trials [36]. Considering that the formulation process for each of the peptides is the same, the 
technology transfer process was validated for the NPs containing only one peptide antigen (PCS5). For 
this purpose, and within the frame of the European Horizon 2020 project NANOPILOT, several research 
groups were involved in the development of the methods, techniques and a pilot plant to produce the 
nanovaccine. This work compiles part of the results generated within this consortium. Thus, in the 
following sections, we report the adaptation of the manufacturing procedure of an HIV nanovaccine 
candidate for its production in a pilot plant. The use of the QbD methodology involved the 
identification of the target product profile of the selected prototype, its critical quality attributes, and 
a risk analysis based on an Ishikawa diagram. Then, the influence of the manufacturing parameters on 
the final properties of the nanoformulation was assessed. A thorough characterization using 
orthogonal techniques was carried out in order to define the attributes of the nanoformulation. Finally, 
different scaling-up methodologies and an interlaboratory manufacturing transfer were conducted to 
study the translational potential of these polymeric NPs to an industrial environment. 
 
2. Materials and Methods 
2.1. Materials 
Chitosan (CS) (hydrochloride salt, molecular weight (MW) 42.7 KDa and 88% deacetylation degree) 
was obtained from HMC+ (Halle, Germany). Dextran sulfate (DS), (sodium salt, MW 8 KDa) was 
purchased from Dextran Products Ltd (ON, Canada). High purity α,α–trehalose dihydrate was 
purchased from Pfanstiehl (IL, USA). SIV PCS5 peptide (sequence GPWGKKPRNFPMAQVHQGLM, MW 
2280 Da and >95% purity) was obtained from GenScript (NJ, USA). 
 
2.2. Quality-by-design (QbD) 
The quality target product profile (QTTP) and critical quality attributes (CQAs) of the 
nanoformulation were established based on previous knowledge, and recommendations from the 
International Conference on Harmonisation of Technical Requirements for Registration of 
Pharmaceuticals for Human Use (ICH), European Medicines Agency (EMA) and US Food and Drug 
Administration (FDA) [39,40]; and are summarized in Table 1 and Table 2. For the risk analysis, experts 
in different fields agreed on the design of an Ishikawa diagram and identified the most critical 






2.3.  Nanoparticle preparation 
CS/DS NPs were prepared as previously described [36,37]. Briefly, 0.770 mL of a CS aqueous solution 
(0.67 mg/mL) were added to a test tube under mild magnetic stirring. A volume of 0.055 mL of PCS5 
in aqueous solution (4 mg/mL) was then added with a pipette. After 5 min of stirring, 0.825 mL of a DS 
aqueous solution (1.875 mg/mL) were added. The solution was stirred for 5 additional min, and the 
formulation was left standing for 10 min prior to characterization. For the preparation of blank NPs, 
the solution of PCS5 was replaced by ultrapure water.  
 
2.4. Nanoparticle freeze-drying 
A volume of 180 µL of trehalose 45% (w/v) was added to 900 µL of NPs, mixed by horizontal shaking 
for at least 20 min, frozen at -80 °C for 2 h, and then freeze-dried (Genesis™ 25 EL, S.P Industries, PA, 
USA). Samples were first left in the freeze-drier at -40 °C for 4 h to guarantee that they were completely 
frozen, with a vacuum of 200 mTorr. Then, the first drying phase was done at a temperature ranging 
from -40 °C to +20 °C, applying a progressive vacuum to 20 mTorr for a period of 43 h. Finally, the 
secondary drying phase was done for 3 h at +22 °C and 20 mTorr. At pre-determined times, the final 
cake was reconstituted in ultrapure water and NPs were conveniently characterized. 
 
2.5. Nanoparticle characterization 
2.5.1. Dynamic Light Scattering (DLS) 
The mean particle size (Z-average) and polydispersity index (PDI) of the non-diluted samples were 
characterized by DLS, following ISO standards [41]. The zeta potential values were determined by Laser 
Doppler Anemometry (LDA), measuring the mean electrophoretic mobility after a 10-times dilution of 
the NPs in ultrapure water. Derived count rate represents the scattering intensity measured in the 
absence of a laser light attenuation filter, and it was calculated as the ratio between the measured 
count rate and the attenuation factor. At USC and CIDETEC, these properties were measured using a 
Zetasizer® NanoZS, using the software Zetasizer v7.13 (Malvern Panalytical Ltd., Malvern, UK), at 25 ℃ 
and a detection angle of 173. At UT2A, DLS measurements were done in a VASCO-2 particle size 
analyzer (Cordouan Technology, France) in combination with the software nanoQ v 6.2.2, at 25 ℃ and 
a detection angle of 135. 
 
2.5.2.  Electron microscopy 
Field Emission Scanning Electron Microscopy (FESEM) (Zeiss Gemini Ultra Plus, Oberkochen, 
Germany) was used for morphology evaluation. Reconstituted freeze-dried NPs were diluted 1:100 in 
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water, and then diluted 1:1 with phosphotungstic acid (2% in water). A sample volume of 1 µL was 
placed on a copper grid with carbon films and, once dried, washed with 1 mL of ultrapure water. When 
dried, samples were analyzed under the microscope using a STEM detector. ImageJ software was used 
for NP counting and analysis (n ≈ 100), by employing the Analyze/Analyze Particles command, in 
accordance to an already described method [42]. 
 
2.5.3. Nanoparticle tracking analysis (NTA) 
Reconstituted freeze-dried NPs were diluted 1:1000 in ultrapure water prior to analysis in a 
Nanosight NS300 (Malvern Panalytical Ltd., Malvern, UK) using the Nanosight NTA software v3.3. The 
camera gain was set at 11 or 13. Each sample was measured 5 times for 60 s each. 
 
2.5.4.  pH, osmolality, % of transmittance and moisture 
A freshly calibrated Sartorius Docu-pH Benchtop Meters (Thermo Fisher Scientific, MA, USA) was 
employed for the determination of the pH of the formulation at USC. A GLP2 pH-meter (Crison 
Scharlab, Barcelona, Spain) was used in CIDETEC for the determination of the pH of the final product. 
Osmolality was measured in a Gonotec Osmomat 030 Cryoscopic Osmometer (Gonotec GmbH, Berlin, 
Germany) at USC, or in a vapor pressure osmometer model 5600 Vapor (Wescor Vapro, Utah, USA) at 
CIDETEC. The values of percentage of transmittance were obtained either from a DU®730 UV/Vis 
Spectrophotometer (Beckman-Coulter, CS, USA) at USC, or from a UV-Visible spectrophotometer 
Shimazdu UV-2401PC (Shimazdu, Kyoto, Japan) at CIDETEC, both at a wavelength of 236 nm. The water 
content was determined by Karl-Fischer titration (Metrohm 899, Herisau, Switzerland). 
 
2.6. Filtration 
Millex®-GV filters (Millipore Corporation, MA, USA), of 13- or 33-mm diameter and 0.22 µm pore 
size of polyvinylidene fluoride (PVDF), polyethylene sulfone (PES) or polytetrafluoroethylene (PTFE) 
were used to filter NPs or polymer solutions. A volume of 0.5 mL of nanoformulation or 20 mL of 








2.7. Peptide PCS5 quantification 
2.7.1. Particle disassembling 
For the particle disruption process, NPs were diluted in a 1:1 (v/v) ratio with the solution of KCl, and 
the derived count rate determined by DLS. As a control, NPs were diluted in the same proportion with 
water.  
 
2.7.2. UPLC detection 
At USC, samples were analyzed by Ultra Performance Liquid Chromatography (UPLC) on an Acquity 
H-UPLC Class system with a UV detector at 280 nm (Waters Corporation, MA, USA) equipped with an 
Aeris 3.6 µm Widepore XB-C18 LC 100 x 2.1 mm Column (Phenomenex, CA, USA), as previously 
described [37]. Briefly, mobile phases A and B consisted of 0.1 % trifluoroacetic acid (v/v) in either 
ultrapure water or acetonitrile HPLC grade, respectively. Column temperature was set at 30 ℃, and 
the run from 10% to 100% of phase B in 5 min, and 3 min to 10%. A calibration curve generated with 
known concentrations of the peptide, both in water and in the disassembled NPs (6.5 – 100 mg/L, R2 = 
0.99) was used to quantify the amount of PCS5 in each sample. 
At CIDETEC, the quantification of the peptide was carried out using a High Performance Liquid 
Chromatography (HPLC), in an Agilent model 1100 series LC with UV detector, the ChemStation 
software (Agilent Technologies, CA, USA) and with a X Bridge BEH C18 2.5 μm 4.6 x 100 mm column 
(Waters Corporation, MA, USA). Mobile phases A and B consisted of 0.1% trifluoroacetic acid (v/v) in 
either ultrapure water or acetonitrile HPLC grade, respectively. Column temperature was set at 30 °C, 
and the run from 10% to 100% of phase B in 12 min at flow rate of 0.65 mL/min. A calibration curve 
generated with known concentrations of the peptide, in water and in the disassembled NPs (6.5–100 
mg/L, R2 = 0.99) was used to quantify the amount of PCS5 in each sample.  
At UT2A, samples were analyzed with an Agilent 1260 series autosampler and a HPLC pump (Agilent 
Technologies, CA, USA) equipped with a Superdex peptide 10/300GL column (GE Healthcare, IL, USA) 
and an UV-Visible detector operating at 214 nm (VWD 1200 series, Agilent Technologies, CA, USA), as 
already reported [43]. In this case, peptide elution was done with 50 mM phosphate buffer and 150 
mM sodium chloride, with flow rate of 0.7 mL/min for 35 min. Calibration was obtained with peptide 
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2.8. Scale-up 
2.8.1. Microfluidics (continuous mode) 
A NanoAssemblr microfluidics device (Precision nanosystems, Vancouver, Canada) was used for the 
preparation of the NPs. The cartridges used were 200 μm wide and 79 μm high, while the mixing area 
had a herringbone structure that was 31 μm high and 50 μm thick. To assess the influence of the total 
flow rate, flows ranging from 0.5 mL/min to 14 mL/min were used, with initial polymer concentrations 
of 0.63 mg/mL of CS and 1.875 mg/mL of DS, and a 1:1 flow ratio. For the loaded NPs, the CS solution 
had a PCS5 concentration of 0.27 mg/mL. NPs were characterized by DLS (section 2.5.1).  
 
2.8.2. Batch-mode (discontinuous mode) 
For the preparation of 200 mL batches, a propeller stirrer IKA RW 20 (Staufen, Germany; 4-blade, 
stir diameter 50 mm, shaft diameter 8 mm, and shaft length 350 mm) was used to mix the different 
solutions, and 250-mL beakers were employed for mixing the solutions. To 93.3 mL of an aqueous 
solution of CS (0.67 mg/mL), 6.7 mL of either ultrapure water or an aqueous solution of PCS5 (4 mg/mL) 
were added under stirring at 700 rpm, and left to mix for 5 min. Then, 100 mL of an aqueous solution 
of DS (1.875 mg/mL) were poured onto the CS/PCS5 solution, kept under stirring for 5 min and standing 
for 10 min. NPs were freeze-dried (section 2.4) and characterized by DLS (section 2.5.1) 
 
2.9.  Statistical analysis 
Data analysis was performed with GraphPad Prism version 7.0 (GraphPad Inc). Statistical 
comparison was done using ANOVA, followed by a Dunnett’s multiple comparison test. Data are 
expressed as the mean ± standard deviation (SD). p values of 0.05 or less were considered statistically 
significant. 
 
3. Results and Discussion 
The complexity of some nanoformulations and the lack of well-defined standard analytical 
methodologies for their complete characterization are some of the hurdles that have hampered the 
arrival of nanomedicines to the market [17]. In fact, these difficulties for the translation of NPs 
preparation technique from a lab to an industrial scale were recently described in a report by Couvreur 
el al. [19]. Therefore, it has become clear that the assessment of reproducibility and the selection of 
adequate characterization methods are critical steps to be considered in the scientific literature. Here, 
our aim was to transfer the development of a potential nanovaccine candidate from the bench to an 
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industrial environment, highlighting the critical requirements that all nanovaccine candidates should 
fulfill in order to progress towards commercialization. 
 
3.1. Implementation of a quality-by-design approach 
The aim of a QbD approach is to understand how the formulation and processing parameters affect 
the properties of the formulation. This knowledge is critical in order to generate more robust and 
reproducible nanomedicines [44]. Here, the quality target product profile (QTPP) of the 
nanoformulation was first established (Table 1), following ICH recommendations [40]. The QTPP was 
determined by the indication and the modality of administration. In this sense, based on the positive 
data obtained in macaques [36,38], the product was defined for vaccination against HIV and for 
intranasal administration (Table 1). In order to maintain the long-term stability, the product was 
formulated as a freeze-dried powder that could be rapidly dispersed in water at the moment of 
administration (Table 1).  
Table 1. Quality Target Product Profile (QTPP) of the HIV vaccine candidate. 
Parameter Target Justification 
Indication HIV vaccine PCS5 has been reported to be one potential antigen in HIV [45] 
Route of 
administration 
Nasal Good preliminary results through this route, improves patient 
compliance [36] 
Dosage form Freeze-dried powder To increase long-term stability 
API content 100 µg/mL Required antigen dose for macaque studies 
Packaging Type I glass vials Recommended by USP and Eur. Ph. for injectable formulations 
and able to resist thermal shocks (for freeze-drying) 
Stability At least 1 year at room 
temperature 
To guarantee an acceptable stability  
Dispersibility In 10 s, by manual 
shaking 
To facilitate self-preparation and administration – no need of 
training or specialized equipment 
Moisture < 3% To avoid API degradation or bacterial growth 
As a second step, the critical quality attributes (CQAs) were defined (Table 2). CQAs are the main 
physical, chemical and biological attributes, which are critical to guarantee the safety and efficacy of 
the nanoformulation (Table 2) [39]. These details were gathered from the knowledge our research 
group has from working on the development of this type of nanocarriers, from the specific 
recommendations from the FDA and the EMA, and also from the different Pharmacopeias. More 
precisely, both the composition of the CS/DS NPs and the antigen dose selected were already tested 
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in vivo, with promising results [36,38]. Indeed, CS and DS are two polysaccharides used in nanovaccines 
due to their biocompatibility, biodegradability, and low toxicity, and that have also shown to improve 
the immune response against many antigens [35,46–49]. Furthermore, CS has an FDA GRAS status. 
The values of the physicochemical properties of the NPs were based on the literature, where 
nanometric sizes have been shown to perform better than micrometric sizes for the delivery of 
biomolecules through the nasal route [50]. Within the nanometric range, medium size NPs (200 nm) 
elicited stronger responses than very small sizes (30 nm) [51]. In terms of the surface charge, it is 
important to find a balance between mucoadhesion and mucodiffusion [10]. Finally, values as 
osmolality, pH, moisture and microbiology have been selected from the literature and FDA 
recommendations [52–54].   
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Table 2. Critical quality attributes (CQAs) of the formulation. 
CQAs Target Justification 
Components Dextran sulfate, sodium salt 
Chitosan, hydrochloride salt 
Peptide antigen (PCS5) 
Highly purified water (type I) 
Materials of the original formulation; water for 
parenteral administration [36,38] 
Content uniformity 82.25 mg ± 10% Amount needed for an adequate dosing of API 
API content 100 µg/mL Dose used in macaques [36,38] 
Particle size and 
distribution  
100–300 nm 
D(10) 80–150 nm 
D(50) 150–250 nm 
D(90) 250–450 nm 
Span 0.4–3 
Adequate size for nasal administration and for the 
interaction with immune cells [10] 
Polydispersity < 0.3 Physicochemical properties that guarantee 
reproducibility 
Surface charge -30 to -65 mV Adequate values to prevent aggregation in the 
mucus, and to ensure a longer stability [10] 
Osmolality 100–200 mOsm/Kg Adequate for nasal administration 
pH 5–7.5 Adequate for nasal administration [52] 
Dispersibility  10 s For an easy extemporaneous formulation preparation 
Microbiology TAMC: 102 CFU/g  
TYMC: 101 CFU/g  
E. coli: Absence/mL 
Adequate for nasal administration [53] 
Water content ≤3% To avoid API degradation and bacterial growth [54] 
TAMC, Total Aerobic Microbial Count; TYMC, Total Combined Yeast and Mold Count. 
Once the CQAs of the product were selected, the subsequent step was to perform a risk analysis of 
the impact of different parameters in the CQAs of the formulation [40]. In general, these parameters 
are related to the characteristics of the starting materials (i.e., polymers, drug, solvents or ratios), the 
different steps in the manufacturing process (i.e., phase incorporation rates, incubation times or 
agitation speeds) and also the environmental factors. In this case, an Ishikawa diagram was sketched 
to illustrate which specific parameters could alter the CQAs of our nanoformulation (Fig. 1). This risk 
management tool allowed to identify the potential variables that could have a harmful effect on the 
formulation attributes. Overall, the factors related to the preparation process had to be further 
monitored and controlled, and their influence was rigorously analyzed as described in the following 
section.  
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Figure 1. Ishikawa diagram of the composition and manufacturing factors that influence the quality attributes of 
the nanoformulation. Interaction time refers to the time that the components are interacting under stirring; while 
incubation time refers to the same condition, but in the absence of agitation (more details in Figure 2).  
3.2.  Nanoparticles fabrication. Determination of the critical process parameters  
NPs were prepared by ionic complexation of the positively charged components (CS and the peptide 
PCS5) and the negatively charged DS, to a final concentration of 0.31 mg/ml of CS, 0.13 mg/mL of PCS5 
and 0.94 mg/mL of DS. The fabrication process of the NPs is represented in Figure 2A. Accordingly, and 
following the Ishikawa diagram (Fig. 1), we studied how the different formulation steps influenced the 
final NP properties. Namely, we analyzed how the incorporation rate of DS solution over the CS/PCS5 
solution affected the characteristics of the NPs. For this purpose, the DS solution was added dropwise 
(which would represent a low incorporation rate), with a pipette (medium incorporation rate, as in the 
original protocol) or using a syringe (to achieve high phase incorporation rates). As shown in Figure 
2B,C, the dropwise incorporation (represented as “low”) caused the aggregation of the NPs, with 
significant changes in particle size and PDI. However, the other two procedures led to particles of 
adequate physicochemical properties (particle size close to 150 nm, PDI lower than 0.2 and negative 
surface charges). Other parameters such as the agitation speed of the CS/PCS5 phase while adding DS, 
























































yielded NPs with physicochemical properties similar to the ones produced following the original 
protocol. 
Overall, the most critical parameter to monitor when translating this manufacturing process will be 
the incorporation rate of DS over the CS/PCS5 phase, because a low incorporation rate will cause the 
aggregation of the NPs.  
 

































































































































































































































































Phase incorporation rate Medium Low High - - - - - - - - -
Agitation speed (rpm) 700 - - 300 500 1000 - - - - - -
Interaction time (min) 5 - - - - - 1 10 - - - -
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Figure 2. Nanoparticle manufacturing process and effect of the different steps on the physicochemical 
properties of the formulation. (A) Fabrication of the nanoparticles. The peptide antigen is added to the chitosan 
solution. Then, (1; phase incorporation rate) the solution of dextran sulfate is incorporated into the 
chitosan/peptide solution, (2; agitation speed) under magnetic stirring. (3; interaction time) Components are 
kept under agitation to allow their interaction, and then (4; incubation time) they are kept for 10 additional min 
in the absence of agitation. (B,C) Effect of the manufacturing parameters on the physicochemical properties of 
the nanoparticles. (B) Particle size and PDI, and (C) Zeta-potential values were monitored for the different 
processes: phase incorporation rate, agitation speed, interaction time and incubation time. Hyphens represent 
the values that are constant, as in the first column. Values represent mean ± SD (n ≥ 3). A statistical comparison 
was done using a one-way ANOVA, followed by a Dunnett’s multiple comparison test. Significant statistical 
differences are represented as **** (p < 0.0001) in comparison to the original protocol. 
 
3.3. Characterization of particle size and size distribution 
The selection of adequate analytical methods for the characterization of nanostructures is a key 
step in the development of a nanomedicine [16,55]. Dynamic light scattering (DLS) techniques are fast 
and easy methods to determine particle size and polydispersity [56]. For the particles here studied 
these values were about 120 nm for size, PDI of 0.2 and negative surface charge (Fig. 3A,D). 
Nevertheless, this method has several drawbacks, such as a bias towards detecting the larger particles 
of the sample, limited resolution between subpopulations with similar particle size, or the assumption 
that the particles are spherical [56]. To overcome these biases, the combination with other 
complementary orthogonal techniques is highly recommended by specialized organizations such as 
the European Nanomedicine Characterization Laboratory (EUNCL) or the US National Cancer Institute 
Nanotechnology Characterization Laboratory (NCI-NCL), that works jointly with the FDA [57]. Electron 
microscopy imaging can help to identify the shape and geometry of the NPs, as well as confirm their 
distribution and size in number [57]. Indeed, transmission electron microscopy studies corroborated 
that the developed NPs were spheres, with sizes in the 100–200 nm range (Fig. 3B,D). NTA analysis, 
although also based on light scattering, is able to track individual particles, allowing to better 
distinguish between subpopulations of particles with similar particle size [56]. Here, NTA analysis was 
used as a complementary technique, confirming the particle size values obtained with the previous 
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Figure 3. Physicochemical characterization of the nanoformulation. (A) DLS particle size distribution based on 
intensity (top) and surface charge distribution (bottom), (B) Micrographs of the NPs by FESEM with the STEM 
detector (size bar represents 200 nm), and (C) NTA particle size distribution. (D) Summary of the mean size values 
of the nanoparticles measured by the three complementary techniques evaluated. DLS, dynamic light scattering; 
FESEM, field emission scanning electron microscopy; NTA, nanoparticle tracking analysis. 
3.4. Content uniformity monitorization 
The selection of adequate methods for the quantification of both the number of NPs and the 
quantity of drug associated to them is an essential step to guarantee the uniformity of the formulations 
and their batch-to-batch reproducibility. 
3.4.1. Methods for particle content evaluation 
Derived count rate is a parameter given by DLS measurement that represents the scattering 
intensity measured in the absence of a laser light attenuation filter, making it a convenient parameter 
to obtain the particle concentration [58,59]. Although it is not a direct measure of the number of 
particles within the formulation, it can be used as an indirect measurement for the purpose of 
comparison between batches, and its use is recommended by the EUNCL at prescreening phases [58]. 
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constant in the different particles concentrations tested [59]. In this case, different dilutions of the 
initial nanoformulation showed a linear correlation (R2 > 0.998) with the values of the derived count 
rate (Supporting Information, Fig. S1A). Nevertheless, since the lasers of different devices are not 
identically calibrated, the overall values are not comparable among them (data not shown). Therefore, 
DLS was a suitable measurement of the content uniformity as an internal control. 
The determination of the turbidimetry (values of transmittance) has classically been a way to have 
a gross estimation of the concentration of particles in suspension, with the premise that particle size 
also has to remain constant [59]. Using ultrapure water as a blank (100% transmittance), a linear 
correlation (R2 > 0.942) between the percentage of transmittance and the concentration of the 
formulation was reported (Supporting Information, Fig. S1B). Furthermore, the fact that the 
transmittance values were similar between different laboratories, confirmed them as an 
interlaboratory validation method for the manufacturing process of the nanoformulation. 
 
3.4.2. Evaluation of the API content 
The determination of the drug content is a parameter that deserves special attention. In this case, 
an UPLC method to analyze the peptide antigen (PCS5) has already been described [37]. For PCS5 
quantification, NPs were, first, disassembled in order to release the peptide. Since NPs were mainly 
formed through ionic interactions between the two polymers and the peptide (isoelectric point values 
of: 6.5 for CS; <2 for DS; 11 for PCS5), the use of a hypertonic medium was expected to disrupt the 
particles and allow the quantification of the peptide. Indeed, high concentrations of KCl (2 M) led to 
the disassociation of the particles, verified by a 100% recovery of the peptide. This was also confirmed 
by a dramatic decrease in the derived count rate values (Supporting Information, Fig. S2A). 
Additionally, calibration curves of the peptide in water and in the matrix (blank NPs disrupted with 
2M KCl) showed no influence of the matrix for the quantification of PCS5, confirming the specificity of 
the method. Additionally, linear calibration curves with R2 > 0.999 were obtained in both cases 
(Supporting Information, Fig. S2b). The accuracy and precision of the method were also confirmed 
(data not shown). 
 
3.5. Aseptic manufacturing 
According to FDA regulations, nasal sprays do not need to be sterile for patient administration, 
nevertheless, the microbial content has to be controlled [53]. To do so, from the different sterilization 
methods available, we selected filtration as the one to guarantee a low microbial burden [60]. At the 
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same time, it is important to bear in mind that having reliable and reproducible methods to reduce the 
microbial burden is crucial to guarantee the safety of the product. In fact, problems related to the 
sterilization of Doxil®/Caelyx® were reported in 2011, and caused an important drug shortage [22,61].  
The effect of the filter material (PVDF, PES or PTFE) over some CQAs (e.g., particle size and number 
of particles) was studied in order to select the most adequate filter. It has been described that for an 
effective filtration through a 0.22 µm mesh size filter, particle size should be smaller than 200 nm, 
preferably bellow 100 nm [62–64]. The assessment of the value of the filtration process was assayed 
for the nanoformulation and, although the results showed no significant changes in the particle size 
when using the different filters (Fig. 4A), a 15–30% decrease in the derived count rate was observed 
after filtration (Fig. 4B), indicating that a certain number of NPs did not pass through the filters. 
 
Figure 4. Effect of NP filtration through different 0.22 µm filters in terms of (A) particle size and (B) derived 
count rate after filtration, in comparison to the non-filtered particles (na). Values represent mean ± SD (n = 3). 
An alternative procedure to decrease the potential impurities of the NPs would be the filtration of 
the starting materials. To determine the feasibility of this approach, solutions of CS and DS were 
filtered through 0.22 µm PVDF filters, and then freeze-dried to determine the yield of the process. The 
recovery yields obtained were 94 ± 5% for CS, and 100 ± 7% for DS. Furthermore, the NPs formulated 
with the filtered materials presented the same attributes as the ones with non-filtered components 
(Supporting Information, Table S1). Therefore, starting materials could also be filtered to minimize 
the microbial burden of the final formulation, without modifying any other attributes. 
 
3.6. Long-term stability of the freeze-dried formulation 
A long-term stability at room temperature is a highly desirable attribute for any vaccine. Having this 
feature would eliminate the need for the cold chain and would facilitate the accessibility of the vaccine 



















































stability under storage for long periods of time. Trehalose was selected as a cryoprotectant, since its 
use has been proven to maintain the physicochemical properties of the NPs [37]. 
The characterization of the NPs by DLS, microscopy, and NTA confirmed that the particle size values 
of the nanoformulations were barely altered during the freeze-drying process (Supporting 
Information, Fig. S3). In fact, a modest increase in particle size by the three techniques was observed. 
An analysis of the content uniformity yielded transmittance values of 4 ± 2%; and a peptide recovery 
of 96 ± 13%, confirming the stability after the lyophilization process. The resuspended freeze-dried 
formulation also presented a pH of 6.5, appropriate for nasal administration [52]. Regarding the 
osmolality, values of approximately 149 mOsm/Kg were obtained. Finally, the residual moisture after 
freeze-drying was also tested, providing values lower than 3%, which have been reported to be 
adequate to avoid unwanted bacterial growth [54]. 
In agreement with the ICH guidelines, the evaluation of the long-term stability of the freeze-dried 
NPs [65], was performed at 5 °C, 25 °C/60% relative humidity (RH) for a general long-term stability 
study, and at 40 °C/75% RH for an accelerated stability study. Some physicochemical properties 
(particle size, PDI and Z-potential), API content and pH, were monitored over time. All these attributes 
were found within our specification values for up to 15 months in storage, both for the refrigerator 
and the general long-term stability conditions (Fig. 5). Only in the case of the accelerated study (40 
°C/75% RH), the pH value was below the specification range (Fig. 5D), which could be related to the 
degradation of the components [66]. 
These results evidence the necessity of establishing and tracking all key attributes to guarantee a 
good characterization and understanding of the developed nanoformulations. They also underline that 
the nanovaccine here developed is stable for over a year without the need of the cold chain. 
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Figure 5. Long-term stability of the freeze-dried NPs at 5 °C; at 25 °C /60% RH; and at 40 °C /75% RH. Evolution 
of (A) particle size and PDI, (B) zeta-potential, (C) % of peptide recovery and (D) pH. The red box highlights the 
values that are not within the CQAs. Values represent mean ± SD (n ≥ 3). 
3.7. Technology transfer 
Another important requirement for the good manufacturing of a nanoformulation is to ensure that 
the production procedure is reproducible with different batches of the forming polymers, as well as 
across different people and laboratories. First, we compared the physicochemical properties of the 
NPs prepared with three different batches of CS, and two different batches of DS, confirming the 
reproducibility of the formulation (Supporting Information, Table S2). Additionally, the formulation 
process was transferred to three different laboratories (at the University of Santiago de Compostela, 
at CIDETEC Nanomedicine, and at UT2A laboratory), with different personnel, and the resulting 
batches of loaded NPs (from 1.65 to 200 mL) were thoroughly characterized and compared. In all three 
centers, the physicochemical properties of the different batches were found to be within the 
specification values previously established in the CQAs (Supporting Information, Table S3). These 
results further highlight the suitability of these polymeric NPs for a successful translation from the 
bench to an industrial level. 
 
3.8. Scaling-up by a microfluidic-based and a batch-mode method 
Bearing in mind that the ultimate goal of this nanoformulation development was an industrial 
translation, a scale-up from the original batch size (1.65 mL) to a more suitable size for preclinical and 
clinical studies was a fundamental step in this work. Thus, we studied both a continuous and 
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discontinuous scale-up procedure, by the adaptation of microfluidics for the production of the NPs and 
the preparation of a 200 mL batch. Finally, a 200-mL batch was produced in the pilot plant under GMP-
like conditions. 
 
3.8.1. Continuous production of the nanoparticles using microfluidics  
Microfluidics has emerged as a potential tool to produce highly reproducible nanoformulations, 
with the additional advantage of scalability [67]. In this case, a staggered herringbone mixer was 
employed for the preparation of the NPs [68]. Most nanosystems prepared by this technique are based 
on the nanoprecipitation of the materials when the organic and aqueous phase meet, while in our case 
the particle formation relied on the ionic interactions between two oppositely charged phases. The 
satisfactory application of this technique for a solvent-free NP formation has been recently disclosed 
for the preparation of octaarginine/RNA nanocomplexes [69]. Considering that the process parameters 
have an important effect in the properties of the resulting NPs [70], here, we first conducted a 
screening of the influence of the flow rates over the production of blank NPs. Then, the method that 
provided the best result was applied to the loaded NPs. The cartridge employed consisted on two 
inlets, one for the positively charged phase and the other for the negative DS phase, followed by a 
mixing area and finally an outlet to collect the formed NPs (Fig. 6A). Solutions of CS and DS were 
prepared at the same concentrations as the ones used for smaller batches; the flow ratio was kept 
constant at 1:1, and the flow rate was the parameter of study (from 0.5 to 14 mL/min).  
For the blank NPs, the particle size decreased as the flow rate values were increased, but at the 
same time, a higher variability was detected (Fig. 6B). Interestingly, the higher flow rates also yielded 
smaller derived count rate values (Fig. 6C). On the other hand, the lowest flow rate tested (0.5 mL/min) 
generated reproducible particles, with properties closer to our nanoformulation CQAs (Fig. 6B,C). In 
this regard, we have hypothesized that the high flow rates (of 3 mL/min or more) might hinder the 
adequate interaction time between the oppositely charged polymers. This incomplete interaction 
would lead to a higher amount of free components, resulting in low derived count rate values. When 
testing these conditions for the loaded NPs, similar physicochemical properties to the ones produced 
by a discontinuous method were obtained (Fig. 6d). Therefore, the nanoformulation of study could be 
produced with microfluidics, which allows to envisage a continuous and scaled-up production. 
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Figure 6. Scale-up of the nanoparticles fabrication using microfluidics. (A) Design of the cartridge used. 
Influence of the different flow rates in (B) particle size and PDI, and in (C) Z-potential and derived count rate. 
(D) Physicochemical properties of the loaded NPs prepared with a flow rate of 0.5 mL/min. Values represent 
mean ± SD (n = 3). NPs, nanoparticles; PDI, polydispersity index. 
 
3.8.2. Batch mode production of the nanoformulation 
The NPs were prepared by ionic complexation, a method that has been described as easily scalable 
[71]. In the particular case of the NPs here studied, the magnetic stirring of the small batches was 
substituted by a mechanical stirring with a blade agitator, more suitable for an accurate control when 
large volume solutions are mixed. As studied in section 3.2., the most critical parameter to obtain 
adequate NPs and prevent aggregation was the incorporation rate of the DS solution over the CS/PCS5 
phase. Thus, for this scale-up, the mechanical stirring was kept at 700 rpm, and the DS solution was 
poured manually.  
First, 200 mL batches of blank NPs were prepared to confirm the suitability of the procedure for a 
larger scale, and then the same procedure was applied to prepare the loaded NPs. Particle size, PDI, Z-
potential and pH were monitored to evaluate the method performance. As shown in Table 3, all values 
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were found within the product specifications previously described. Therefore, this discontinuous 
method was proven to be suitable for the production of large volumes of NPs, with no important 
effects over any of their physicochemical properties. 
Table 3. Physicochemical properties of the scaled-up blank and loaded nanoparticles, in comparison with the 
small-size batches. 
Sample Particle size (nm) PDI ζ-potential (mV) pH Transmittance (%) 
Blank NPs 
(1.65 mL batch) 
95 ± 8 0.16 -41 ± 4 7 ± 0.2 25 ± 4 
Blank NPs 
(200 mL batch) 
99 ± 8 0.14 -39 ± 1 7 ± 0.4 24 ± 5 
Loaded NPs 
(1.65 mL batch) 
130 ± 15 0.14 -45 ± 7 6 ± 0.6 6 ± 3 
Loaded NPs 
(200 mL batch) 
129 ± 4 0.15 -41 ± 6 6 ± 0.2 3 ± 2 
FD NPs 
(1.65 mL batch) 
160 ± 15 0.16 -43 ± 7 7 ± 0.6 4 ± 2 
FD NPs 
(200 mL batch) 
182 ± 11 0.19 -45 ± 3 6 ± 0.7 3 ± 2 
Values represent mean ± SD (n ≥ 3; except for loaded and FD NPs 200 ml batch, where n=2) 
FD, freeze-dried; NPs, nanoparticles; PDI, polydispersity index. 
We have seen in this section that the formulation of CS/DS NPs can be translated to an industrial 
environment and fabricated either by discontinuous (batch-mode) or continuous (microfluidics) 
methods. In the case of the batch-mode preparation, it is a simple and fast method, that may need 
subsequent adaptations with the increase in the batch size. On the other hand, microfluidics is a very 
reproducible technique that can produce high NP volumes by using several cartridges in a row. 
Nevertheless, these cartridges are costly, and have a limited lifetime and re-usability, thus increasing 
the final cost of fabrication. These aspects have to be taken into consideration when selecting the 
methods for an industrial translation. 
 
3.8.3. Production of a GMP-like batch in the pilot plant 
As the last step on the road to the translation of the nanomedicine, a 200-mL formulation was 
prepared in the pilot plant. This batch size, equivalent to 220 doses of the vaccine candidate, was 
considered to be sufficient for an exploratory preclinical study with 50 non-human primates and four 
boosts per animal. Furthermore, all the procedures in the pilot plant were conducted under GMP-like 
conditions. In this regard, production processes, materials and personal flow were designed in 
qualified facilities according to GMP guidelines. All the components used to prepare the formulation 
were qualified as GMP grade materials, with the exception of the peptide antigen. To prepare the 
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GMP-like batch, the starting polymer solutions (CS and DS) were first filtered through 0.2 µm mesh 
size filters (more details in section 3.5). Then, the formulation was prepared under mechanical stirring 
with a blade agitator (more details in section 2.8.2). Subsequently, formulation and cryoprotectant 
were added to type I glass vials, to then be freeze-dried in the same conditions as the non-GMP batches 
(more details in section 2.4). The resulting formulation was re-dispersed in highly purified water and 
characterized. The physicochemical properties of the NPs were found within the CQAs previously 
described (Table 4). Therefore, the translation of the nanovaccine from the bench to an industrial 
environment has been successfully achieved. 












Final formulation 150 ± 1 0.13 -42 ± 1 6.6 7.2 186 
FD, freeze-drying; NPs, nanoparticles; PDI, polydispersity index. 
Overall, we consider that this work compiles in a great manner with the MIRIBEL recommendations 
for material characterization [31]. Here, we have provided a detailed description of the synthesis 
method of the formulation, together with an evaluation of the different parameters that may have an 
effect on the final NPs. Furthermore, the values of size, shape, zeta potential, density, concentration 
and drug loading were thoroughly studied and reported in this work, and in many cases confirmed by 
several complementary techniques. Besides, three different batches of the forming components have 
been employed to guarantee the reproducibility of the formulation, among other aspects. Overall, the 
results of this manuscript compile with the MIRIBEL recommendations, which we hope will help in the 
standardization and application of stablished methodologies for the characterization of nanosystems. 
 
4. Conclusions 
In this work, we have shown the feasibility of a potential HIV nanovaccine candidate to be 
manufactured in a pilot plant. By implementing a QbD approach, the most critical aspects of the 
process that have an impact on the formulation attributes were highlighted. This strategy helped to 
identify that the phase incorporation rate had the most significant effect over the final properties of 
the nanoformulation. In addition, we emphasized the importance of combining orthogonal techniques 
to guarantee a realistic and complete characterization of the formulation. The definition of all these 
critical process parameters led to the successful transfer of the HIV nanovaccine manufacturing 
procedure from the laboratory to the pilot plant production, and its scale-up by both the microfluidic 
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and the batch-mode methods. All these results validate that this nanomedicine would be ready to 
move towards an industrial manufacturing set up.  
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Supporting Figure S1. Calibration curves for the determination of nanoparticle content using (A) the values of 






Supporting Figure S2. Nanoparticle disassembling in the presence of high ionic strength solutions. (A) Effect of 
the concentration of KCl on the derived count rate. (B) Calibration curves of the peptide PCS5 in water (red) and 
in NPs disrupted with KCl (matrix, in dark blue). Values represent mean ± SD (n = 3). 
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Supporting Figure S3. Physicochemical characterization of the redispersed freeze-dried nanoparticles. (A) 
DLS intensity histograms (top) and surface charge vaules (bottom), (B) Micrographs of the NPs by FESEM 
with the STEM detector (size bar represents 200 nm), and (C) NTA size distribution. (D) Summary of the mean 
size values of the nanoparticles measured by the three complementary techniques evaluated. DLS, dynamic 





Method Size ± SD (nm)
DLS 160 ± 15
TEM 187 ± 57
NTA 144 ± 12
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Supporting Table S1. Comparison of the physicochemical properties of the nanoparticles prepared with non-
filtered and filtered starting materials. 
Starting materials Particle size (nm) PDI ζ-potential (mV) Derived count rate (kcps) 
Non-filtered 138 ± 14 0.14 -53 ± 4 65300 ± 1900 
Filtered 135 ± 12 0.15 -50 ± 3 51500 ± 1600 
PDI, polydispersity index. 
 
Supporting Table S2. Comparison of the physicochemical properties of the nanoparticles prepared with 
different batches of chitosan and dextran sulfate. 
CS batch DS batch Particle size (nm) PDI Ζ-potential (mV) 
batch 1 batch 1 118 ± 7 0.15 -45 ± 5 
batch 2 batch 1 135 ± 4 0.14 -41 ± 1 
batch 2 batch 2 113 ± 9 0.12 -46 ± 2 
batch 3 batch 2 128 ± 4 0.14 -46 ± 2 
CS, chitosan; DS, dextran sulfate; PDI, polydispersity index 
 
	 	




































































































































































































































































































































































































































































































Arginine-based poly(I:C)-loaded nanocomplexes for 















Arginine-based poly(I:C)-loaded nanocomplexes for the re-education of 
tumor-associated macrophages 




Tumor-associated macrophages (TAMs), with a M2 tolerogenic profile, are key players in the 
development and dissemination of tumors. Hence, their therapeutic re-education towards an M1 pro-
inflammatory and anti-tumoral phenotype can be critical to fight against cancer cells. The activation 
of the endosomal toll-like receptor 3 by its agonist poly(I:C) has been shown to efficiently drive this 
polarization process. Unfortunately, poly(I:C) presents significant systemic toxicity, and its clinical use 
is restricted to a local administration. The objective of this work has been to improve the delivery of 
poly(I:C) to TAMs, through the use of nanotechnology. Namely, poly(I:C) nanocomplexes with different 
arginine-rich polymers were developed and, subsequently, enveloped with anionic polymers in order 
to improve their biodistribution. Poly(I:C) nanocomplexes presented sizes lower than 200 nm, with 
surface charges ranging from +40 to -20 mV, depending on the enveloping polymer. All the systems 
presented high poly(I:C) loading values, from 12 to 50% (w/w), and adequate stability in cell culture 
media. In vitro, poly(I:C) nanocomplexes were highly taken up by macrophages, compared to the free 
drug. The treatment of macrophages with these nanocomplexes stimulated the secretion of the T-cell 
recruiter chemokines CXCL10 and CCL5, which are of key importance for stablishing an effective anti-
tumor immune response. More importantly, poly(I:C) nanocomplexes increased the ability of pre-
treated macrophages to directly kill cancer cells. A preliminary study involving the intratumoral 
administration of the developed nanocomplexes to mice bearing lung tumors showed that the efficacy 
of poly(I:C) nanocomplexes in terms of reducing tumor growth was not translated in vivo. Further 































The discovery of the capacity of the immune system to fight and eliminate tumors has represented 
a major paradigmatic change in the treatment of cancer, classically addressed with cytotoxic drugs 
[1,2]. Despite the inherent anti-tumoral capacity of immunocompetent cells, tumors produce 
immunosuppressive signals which lead to tumor immune tolerance, thus facilitating tumor progression 
[3–5]. Among the different cells involved in this process, tumor-associated macrophages (TAMs) are 
key players with the capacity to promote the proliferation of cancer cells, angiogenesis and metastasis 
[5–8]. TAMs present anti-inflammatory and tolerogenic features, characteristic of M2-like 
macrophages [9]. Importantly, recent investigations have proposed the possibility to reprogram TAMs 
towards pro-inflammatory and anti-tumoral M1 states as a promising approach to re-activate the 
immune response against the tumor [10–12]. 
An important strategy to re-educate TAMs towards an M1-like phenotype [13,14], has relied on the 
use of agents that activate the toll-like receptors (TLR) [12,15]. Upon interaction with their 
corresponding agonists, TLRs activate MyD88 and TRIF pathways, thereby triggering innate and 
adaptive immune responses [16,17]. Indeed, some of these agonists are already marketed, or under 
clinical trials, for vaccination and/or cancer applications [17]. Among the TLR agonists, poly(I:C), a 
double-stranded (ds)RNA that activates the TLR3, has shown the capacity to polarize TAMs towards a 
M1-like anti-tumoral phenotype [18]. Nevertheless, the clinical potential of poly(I:C) has been 
undermined by its indiscriminate biodistribution and subsequent systemic side effects [19]. In this 
sense, the association of poly(I:C) into a nano-delivery system could improve its accumulation into 
TAMs and, consequently, its safety profile [20–26]. 
Synthetic nanosystems for polynucleotide delivery are mainly based on their complexation with 
positively charged lipids or polymers [27–29]. For example, it has been reported that the complexation 
of poly(I:C) with cationic polymers, i.e. polyethyleneimine (PEI), leads to positive in vivo results in 
different cancer models [30], and is currently in a phase I clinical trial [31]. Unfortunately, PEI itself is 
not absent of systemic toxicity [32]. In our research group, we have explored alternative nanocarriers 
for the delivery of polynucleotides. Based on the known capacity of cell penetrating peptides (CPPs) to 
efficiently condense nucleic acids and facilitate their transport across biological barriers [33], we have 
developed polyarginine- (pArg) and protamine-based nanosystems, which have shown the capacity to 
efficiently deliver different polynucleotides [34–36]. Indeed, we have recently reported the formation 
of nanocomplexes of polynucleotides with cationic molecules, and their subsequent envelopment with 
an hydrophilic anionic polymer named as enveloped nanocomplexes (ENCPs), as a way to facilitate the 
delivery of miRNA to the brain [36]. 
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Based on this background information, the main objective of this study has been to develop a 
delivery carrier for poly(I:C), that would enable its systemic administration and result in the re-
education of TAMs. With this idea in mind, we selected different arginine-rich polymers and oligomers 
for the complexation of poly(I:C) and, subsequently, we enveloped these positively charged 
nanocomplexes with pegylated polyglutamic acid (PEG–PGA) or hyaluronic acid (HA) to produce ENCPs 
[36]. Following a rigorous characterization in terms of particle size, zeta potential and drug loading 
capacity, the ENCPs were evaluated in vitro for their toxicity, internalization and capacity to revert the 
polarization of macrophages towards an M1-like anti-tumoral phenotype. The capacity of the 
macrophages treated with nanoformulated poly(I:C) to secrete T-cell attracting chemokines and to kill 
cancer cells was also assessed. Finally, an in vivo efficacy study was conducted to evaluate the anti-
tumor capacity of the developed ENCPs following intratumoral administration. 
 
2. Materials and Methods 
2.1. Materials 
n-Butyl-poly(L-arginine) hydrochloride (pArg) (150 arginine residues, MW 24 kDa) and the different 
pegylated-poly(L-glutamic acid) (PEG–PGA) polymers were purchased from Polypeptide Therapeutic 
Solutions (PTS, Valencia, Spain). For the PEG–PGA, three types of branched conformations were 
acquired: PGA, either 10 or 30 units, with a molar substitution degree of 10 or 30% of PEG (5 kDa), 
referred as: PEG5k10–PGA10, PEG5k10–PGA30 and PEG5k30–PGA10. Also, two conformation of the 
diblock PEG-PGA were purchased: 10 units of PGA and a 20 kDa PEG tail; and 30 units of PGA with a 5 
kDa PEG tail, named as diblock PEG20k–PGA10 and diblock PEG5k–PGA30, respectively. 
Octa-D-arginine (r8) and a laurate octa-D-arginine (C12r8) were obtained from ChinaPeptides 
(Shanghai, China). Sodium hyaluronate (HA) (MW 57 kDa) was purchased from Lifecore Biomedical 
(MN, USA). HMW poly(I:C) and poly(I:C)-rhodamine were acquired from InvivoGen (CA, USA). 
Endotoxin-free water was used for all the in vitro experiments. 
 
2.2. Preparation of the nanocomplexes 
2.2.1. Screening of arginine-rich polymers 
To 400 µL of arginine-rich polymer solution (0.5, 1 or 2 mg/mL), 200 µL of poly(I:C) (at 1 or 0.5 
mg/mL) were added under mild magnetic stirring. Weight ratios polymer to poly(I:C) 1:1, 2:1 and 4:1 
were tested (Table 1). After 1–5 min of stirring, the resulting nanocomplexes were allowed to stabilize 
for at least 3 min before further characterization or envelopment. 
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Table 1. Summary of the weight ratio polymer to poly(I:C) tested, and the final concentration of each 
component. 
(+) polymer Ratio (+) polymer: 
poly(I:C) (w/w) 
(+) polymer (mg/mL) Poly(I:C) (mg/mL) 
r8; C12r8; pArg 1:1 0.33 0.33 
2:1 0.33 / 0.67 0.17 / 0.33 
4:1 0.67 / 1.33 0.17 / 0.33 
C12r8, laurate-octaarginine; pArg, poly-arginine; r8, octaarginine; w/w, weight/weight. 
 
2.2.2. Envelopment with PEG–PGA polymers 
A volume of 400 µL of a PEG–PGA aqueous solution at 1 mg/mL was added to a round bottom flask 
and the water evaporated in a rotavapor (Heidolph Hei−VAP Advantage, Schwabach, Germany) for 10 
min, at 37 °C, under vacuum and mild rotary speed, until a thin film was formed. Then, the same 
volume of nanocomplexes (with a poly(I:C) concentration of 0.33 or 0.17 mg/mL) (Table 2), was added 
to the round bottom flask, in order to achieve their envelopment by PEG–PGA, under the same rotary 
speed, room temperature and at atmospheric pressure for 10 min. 
Table 2. Final concentrations of poly(I:C), complexing polymers and polyglutamic pegylated acid in the 
enveloped nanocomplexes (ENCPs) 
(+) polymer Ratio (+) polymer:poly(I:C) 
:PEG–PGA (w/w) 
(+) polymer (mg/mL) Poly(I:C) (mg/mL) PEG–PGA (mg/mL) 
C12r8 2:1:6 0.33 0.17 1.00 
4:1:6 0.67 0.17 1.00 
4:1:3 1.33 0.33 1.00 
pArg 1:1:3 0.33 0.33 1.00 
C12r8, laurate-octaarginine; pArg, poly-arginine; PEG–PGA, pegylated polyglutamic acid; w/w, weight/weight. 
 
2.2.3. Envelopment with HA 
To 250 µL of the nanocomplexes with a poly(I:C) concentration of 0.33 or 0.17 mg/mL, the same 
volume of an HA solution of concentrations ranging from 0.25 to 2.00 mg/mL, was added under mild 
magnetic stirring, for a final poly(I:C) to HA weight ratio of 1:1.5, 1:3 or 1:6 (Table 3). The ENCPs were 
allowed to be formed for 5 min under stirring, and to be stabilized during other 5 min prior to their 
characterization. 
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Table 3. Final concentrations of poly(I:C), complexing polymers and hyaluronic acid in the enveloped 
nanocomplexes (ENCPs) 
(+) polymer Ratio (+) polymer: 
poly(I:C) : HA (w/w) 
(+) polymer (mg/mL) Poly(I:C) (mg/mL) HA (mg/mL) 
C12r8 2:1:1.5 0.17 0.08 0.13 
 2:1:3 0.17 0.08 0.25 
2:1:6 0.17 0.08 0.50 
4:1:1.5 0.67 0.17 0.25 
4:1:3 0.67 0.17 0.50 
4:1:6 0.67 0.17 1.00 
pArg 1:1:1.5 0.17 0.17 0.25 
 1:1:3 0.17 0.17 0.50 
1:1:6 0.17 0.17 1.00 
C12r8, laurate-octaarginine; HA, hyaluronic acid; pArg, poly-arginine; w/w, weight/weight. 
 
2.3. Nanoparticle characterization by dynamic light scattering (DLS) 
The mean particle size (Z-average) and polydispersity index (PDI) of the non-diluted samples were 
characterized by DLS. The zeta potential values were determined by Laser Doppler Anemometry (LDA), 
measuring the mean electrophoretic mobility after a 20-times dilution of the ENCPs in ultrapure water. 
These properties were measured using a Zetasizer® NanoZS, using the software Zetasizer v7.13 
(Malvern Panalytical Ltd., Malvern, UK), and were performed at 25 °C with a detection angle of 173. 
 
2.4. Electron microscopy 
Field Emission Scanning Electron Microscopy (FESEM) (Zeiss Gemini Ultra Plus, Oberkochen, 
Germany) was used to evaluate the particle size and morphology. ENCPs were diluted between 1:100 
to 1:1000 in water, and then 1:1 with phosphotungstic acid (2 % in water). A sample volume of 1 µL 
was placed on a copper grid with carbon films and, once dried, it was washed with 1 mL of ultrapure 
water. Dried samples were analyzed under the microscope using the InLens detector. 
 
2.5. Nanocomplex stability in cell culture media 
The colloidal stability of the different ENCPS in cell culture media (RPMI + 10% FBS + 2% 
penicillin/streptomycin) was assessed at 37 °C for up to 24 h. For this purpose, ENCPs were diluted 5 
times in pre-warmed media, or water as the control, and particle size and PDI measured at 0, 4 and 24 






2.6. Agarose gel retardation assay 
To qualitatively determine the amount of poly(I:C) complexed by the polymers, samples were 
loaded in an agarose gel at 1% w/v in Tris Acetate-EDTA buffer (Sigma-Aldrich, MO, USA) before and 
after the incubation with an excess of heparin for poly(I:C) displacement. Each lane was loaded with 
2.5 µg of poly(I:C) and with 1x SYBR®Gold nucleic acid stain (Invitrogen, CA, USA). For the displacement 
with heparin, 20:1 and 500:1 weight ratios of heparin (Sigma-Aldrich, MO, USA) to poly(I:C) were added 
for the C12r8 or pArg ENCPs, respectively, and incubated for 30 min at 37 °C. Control lanes included a 
DNA 1kb ladder (Invitrogen, CA, USA), and free poly(I:C) in the same conditions as the ENCPs. Gels 
were run for 30 min at 90 V in a Sub-Cell GT cell 96/192 (Bio-Rad Laboratories, CA, USA), evaluated 
with an UV transilluminator (Molecular Imager® Gel Doc™ XR, Bio-Rad Laboratories, CA, USA) and 
analyzed with Image Lab™ Software (Bio-Rad Laboratories, CA, USA). 
For the release of poly(I:C), ENCPs were incubated in cell culture media, in a 1:1 (v/v) ratio, for 4 or 
24 h in prior to been processed as described above. Free poly(I:C) exposed to the same conditions was 
used as the control. 
 
2.7. Human primary macrophage differentiation 
Human primary monocytes from blood of healthy donors were purified through density gradients, 
as previously reported [37]. M0 macrophages were obtained by culturing 1 x 106 cells/mL human 
monocytes for 5 days in 5% FBS/RPMI supplemented with 25 ng/mL of recombinant human M-CSF 
(rhM-CSF; PeproTech, London, UK). M1 macrophages were polarized by stimulating M0 macrophages 
with LPS (100 ng/mL) (PeproTech, London, UK) and IFN-γ (50 ng/mL) (PeproTech, London, UK) for 24 
h, and M2 macrophages were obtained by polarizing M0 macrophages with IL-4 (20 ng/mL) 
(PeproTech, London, UK) for 24 h. These cells were seeded in multiwell plates as indicated below for 
each experiment and incubated at 37 °C and 5% CO2. 
 
2.8. Cell viability studies 
M0 and M2 human-derived macrophages were isolated and differentiated, as already described, 
and seeded in 96-well plates at a density of 1 x 105 cells/well. Cells were treated with poly(I:C), in 
solution or nanocomplexed, at poly(I:C) concentrations of 1, 5, 10 and 20 µg/mL. Macrophages were 
incubated with the nanosystems for 1, 24 or 48 h at 37 °C, and cell viability was determined by Alamar 
Blue assay (Invitrogen, CA, USA). This method is based on the capacity of living cells to reduce resazurin 
to resorufin, that is highly fluorescent. Fluorescence intensity was measured in a plate reader (Synergy 
H4, BioTek, VT, USA), setting the λabs at 560 nm and the λem at 590 nm. Macrophages treated only with 
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cell culture media were used as controls and considered as 100% cell viability. Cell viability was 
calculated according to equation 1. 
%	𝐶𝑒𝑙𝑙	𝑣𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 = 	M1 − OPQRSTUVTWVT
XRWYSRP	ZPQRSTUVTWVT
[ × 100  
 
2.9. Uptake studies 
Human monocytes were purified and polarized towards M0 macrophages as described in section 
2.7. These cells were seeded at a density of 1 x 106 cells/well in low-attachment 24-well plates, and 0.5 
mL of fresh RPMI media containing poly(I:C), either free or nanocomplexed, were added to them. The 
final poly(I:C) dose per well was of 5 µg/mL of poly(I:C), of which 0.25 µg/mL were poly(I:C)-rhodamine. 
After 24 h of incubation, cells were detached from the wells with trypsin-EDTA. Cells were then washed 
one time with FACS buffer (PBS 1% BSA) and fixed in FACS Fix for 20 min at 4 °C. Cell suspensions were 
centrifuged at 1750 rpm for 10 min and 4 °C. The supernatants were then discarded, and cells re-
suspended in 300 µL of FACS buffer (PBS 1% BSA). Treated macrophages were analyzed by flow 
cytometry using a BD LSR FortessaTM (BD Biosciences, CA, USA), and the resulting data analyzed by 
FACS Diva software (BD Biosciences, CA, USA), determining the mean fluorescence intensity (MFI) of 
rhodamine-positive cells. Results are expressed as fold change in comparison to the free poly(I:C)-
rhodamine. 
 
2.10. Co-localization studies 
Purified human monocytes were seeded in 24-well plates with a round glass coverslip at the 
bottom, at a density of 1 x 106 cells/well in 1 mL complete RPMI supplemented with M-CSF (25 ng/ml) 
to differentiate them to M0 macrophages. At day 5, 10 µl/well of CellLight® lysosome-GFP, BacMam 
2.0 (Molecular Probes, OR, USA) was added. At day 6, coverslips were washed and poly(I:C), free or in 
pArg:pIC ENCPs, was added in 500 µl of fresh complete RPMI for 2 or 8 h. The final poly(I:C) dose per 
well was 5 µg/mL, of which 0.25 µg/mL were poly(I:C)-rhodamine. After incubation, cells were washed 
one time with PBS and fixed in 4% PFA (in PBS) for 10 min at room temperature. The glass coverslip 
was then recovered, mounted and analyzed with a Leica TCS SP8 3X SMD confocal microscope (Leica 
Microsystems, Wetzla, Germany).  
 
2.11. Macrophage surface marker expression 
M0 or M2 human-derived macrophages were seeded in 24-well low-attachment plates at a density 
of 1 x 106 cells/well and incubated in 5% FBS supplemented RPMI for 48 h at 37 °C. Macrophages were 




also used as control, and M2 macrophages were polarized towards M1 phenotypes upon incubation 
with LPS/IFN-γ. Prior to their staining, cells were washed, collected and resuspended in FACS buffer 
(PBS 1% BSA). They were then stained with APC-mouse anti-human HLA-DR (552764, BD Biosciences, 
CA, USA), FITC-mouse anti-human mannose receptor CD206 (551135), anti-human CD163-BV421 
(562643), CD80 APC-H7-mouse anti-Human CD80 (Clone L307.4; 561134) and anti-human CD68-PE 
(556078) (all from BD Biosciences, CA, USA). Cells were analyzed by flow cytometry on FACS Canto II 
Instrument (BD Biosciences, CA, USA) and the generated data by FACS Diva software. The gated cells 
were plotted on APC (CD80), PerCP (MHC II), Pacific Blue (CD163) or FITC (CD206) and analyzed for 
mean fluorescent intensity (MFI). Results are expressed as fold change in comparison to untreated M0 
macrophages. 
 
2.12. Secretion of chemokines 
The levels of the chemokines CXCL10 and CCL5 were measured by commercially available ELISA kits 
following the manufacturer’s instructions (R&D Systems, MN, USA). The supernatants used were 
collected after 24 h of treatments. 
 
2.13. Cytotoxicity of treated macrophages towards PANC-1 tumor cell line 
The cytotoxicity of the treated macrophages towards cancer cells was performed as described in a 
recent publication [38]. Briefly, primary monocytes isolated from human healthy donors were 
stimulated with M-CSF in 5% FBS supplemented RMPI medium for 5 days. Then, macrophages were 
stimulated with the different ENCPs or free poly(I:C) in a dose of 5 µg/mL for 24 h. Alternatively, 
macrophages were treated with LPS/IFN-γ or IL-4 to polarize them towards M1 or M2 profiles. After, 
macrophages were washed and co-incubated for 2 days with 25,000 cells of a pancreatic cancer cell 
line (PANC-1), that were previously stained with Cell Trace Far Red (Invitrogen, CA, USA). The cells were 
trypsinized and fixed in FACS Fix for 20 min at 4 °C for flow cytometry analysis using FACS Canto II 
Instrument (BD Biosciences, CA, USA). For the flow cytometry analysis, acquisition was set to 45 
seconds and the number of high fluorescence intensity events (corresponding only to proliferating 




All animal experiments were done following national and international laws. Wild type C57BL/6 
mice were purchased from Charles River Laboratories (Wilmington, MA, USA). Mice were kept in a 
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specific pathogen-free animal facility at Humanitas Research Institute (Milan, Italy). All efforts were 
made following the 3Rs principles to minimize the number of animals used and their suffering. 
 
2.15. Anti-tumor efficacy in vivo 
At day 0, mice were subcutaneously injected with 1 x 105 CMT167 cells (European Collection of 
Authenticated Cell Cultures, Salisbury, UK) in the right flank. Starting from day 9, mice received five 
intratumoral injections of 75 µL each (poly(I:C) dose = 25 µg/mouse/treatment) in alternative days, 
over a period of ten days. Mice were divided in groups of 8, and the following treatments were 
administered: physiological solution, pArg in solution (as negative control), pArg:pIC, pArg:pIC/PEG–
PGA, pArg:pIC/HA ENCPs and free poly(I:C). Mice were euthanized at day 27. Tumor volume was 
monitored over the course of the experiment with a digital caliper. Tumor volume is presented in mm3 






2.16. Statistical analysis 
Data analysis was performed with GraphPad Prism version 7.0 (GraphPad Inc). Statistical 
comparison was done using a two-way ANOVA followed by a Tukey’s multiple comparison test, or 
alternatively an ordinary one-way ANOVA followed by a Tukey’s multiple comparison test. Data are 
expressed as the mean ± standard deviation (SD). p values of 0.05 or less were considered statistically 
significant. 
 
3. Results and Discussion 
Despite the potential of poly(I:C) for polarizing macrophages towards an anti-tumoral M1-like 
phenotype with the capacity to fight tumors [38], the systemic administration of this TLR3 agonist 
presents significant side effects [20]. Therefore, in order to prevent its toxicity and to improve the 
transport of poly(I:C) to the tumor microenvironment, and more specifically, towards TAMs, we aimed 
at engineering a nanosystem to improve its delivery. Afterwards, the in vitro capacity of the 
nanocomplexed poly(I:C) to generate a polarization switch in the macrophages was evaluated in 







3.1. Design and development of the nanocomplexes 
3.1.1. Screening of different arginine-rich polymers 
As the first step in the development of a poly(I:C)-loaded nanoformulation and, based on a 
nanotechnology recently reported by our group showing the capacity of modified octaarginine to 
complex polynucleotides [36], different positively-charged arginine-rich polymers were selected for its 
complexation. Oligo-arginines have been extensively employed for the delivery of different nucleic 
acids due to their CPP nature, which increases their uptake and, as a result, improves their therapeutic 
performance [33,36,39]. For this purpose, and taking as a reference our previous work [36] and 
additional reports [40], two oligopeptides were selected: octaarginine (r8) and a hydrophobically-
modified r8, that contains a laurate chain (C12r8). As a comparison, a higher MW arginine polymer, 
polyarginine (pArg), was also selected. Weight ratios arginine-rich polymer/oligomer to poly(I:C) 
ranging from 1:1 to 4:1 were evaluated for their capacity to form nanocomplexes (Fig. 1). In the case 
of the unmodified r8, despite previous works making use of this biomaterial, no stable nanosystems 
were obtained at the different ratios and thus, its use was discarded. On the contrary, the 
hydrophobized r8 could form stable nanocomplexes at ratios 2:1 and 4:1, a fact that indicates that the 
hydrophobic tail of C12r8 is critical for improving the stability of the resulting complexes [41,42]. In 
the case of the pArg-based nanocomplexes, all ratios yielded particles with sizes increasing from 150 
to 300 nm, as the amount of pArg increased (Fig. 1A). Positive surface charge values incremented 
following the same trend (Fig. 1B). 
  
Figure 1. Screening of different arginine-rich polymers capable of complexing poly(I:C). Values of (A) particle 
size, PDI and (B) zeta potential of the nanocomplexes obtained for the different ratios tested. Values represent 
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In order to evaluate their suitability for in vitro testing, the nanocomplexes were incubated in cell 
culture media at 37 °C, to evaluate their stability. In the case of C12r8, the particle size of the 
nanocomplexes increased upon incubation in cell culture media (Supporting Information, Fig. S1A). 
On the contrary, pArg-based nanosystems (ratio 1:1) maintain their particle size under the same 
conditions (Supporting Information, Fig. S1B). We hypothesized that the different stability of the 
nanocomplexes could be due to their different MWs, since the long positive chains of the pArg would 
offer a higher number of positive sites for binding the dsRNA, in comparison to the smaller chains of 
the C12r8 [43]. 
 
3.1.2. Nanocomplexes enveloped with PEG–PGA 
In order to improve the nanocomplexes stability, we applied the technology previously described 
from our group [36,44] and used different pegylated polyglutamic acid (PEG–PGA) copolymers for the 
envelopment of the nanocomplexes. The presence of PEG as the external layer of the system was 
intended to provide a steric protection and increase its colloidal stability [45]. Additionally, the 
combination of PEG and PGA as the external layer of polymeric nanocapsules has already been shown 
to facilitate their access to the tumor site in a passive manner [46], and to improve the stability of 
C12r8-based nanocomplexes in biologically relevant media [44,47].  
It has been extensively reported that both, the PEG layer density and its conformation, are two key 
aspects in determining the fate and stability of the nanosystems [48,49]. In this work, we investigated 
different parameters of the copolymers with the idea to optimize the enveloping process, namely (i) a 
branched or diblock conformation, (ii) the length of the PGA chain, and (iii) the PEG density. For this 
purpose, branched copolymers with two PGA lengths (10 and 30 units) and different PEG substitution 
degrees (10 and 30%) were studied. At the same time, two diblock copolymer conformations with PGA 
lengths of 10 and 30 units, and a PEG tail of 20 and 5 kDa MW, were also evaluated (Supporting 
Information, Fig. S2). 
For the enveloping process, we searched for the optimal amount of PEG–PGA for an efficient 
coating. First, the C12r8:pIC nanocomplexes were enveloped with PEG–PGA for a weight ratio 
C12r8:pIC:PEG–PGA 2:1:6. As illustrated in Fig. 2A–B (left panel), the resulting ENCPs presented highly 
dispersed sizes, and the surface charged decreased after the envelopment. On the other hand, the 
branched PEG10–PGA10 and the diblock PEG5k–PGA30 were able to switch the zeta potential of these 
ENCPs towards negative values (Fig. 2B, left panel). 
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In parallel, we conducted the same envelopment for the C12r8:pIC nanocomplexes that have a 
higher amount of C12r8 (weight ratio C12r8:pIC:PEG–PGA 4:1:6). In this case, particle sizes were 
narrower and, although surface charge was decreased, only the diblock PEG5k–PGA30 generated a 
zeta-potential inversion (Fig. 2A–B, mid panel). 
Finally, taking into consideration that other works have employed a lower amount of PEG–PGA for 
the envelopment process [36,44], we evaluated the possibility of decreasing this value (weight ratio 
C12r8:pIC:PEG–PGA 4:1:3). Upon the envelopment, particle size slightly increased, while only a 
moderate decrease in the surface charge was observed, with no charge inversion for any of the 
conditions (Fig. 2A–B, right panel). 
It is interesting to mention that the branched PEG30–PGA10 did not produce an important change 
in the surface charge of any of the ENCPs (Fig. 2B), behavior already reported for similar systems [44]. 
In this regard, we can speculate that the small size of the PGA chain, and the high number of PEG tails, 
might hinder the adequate interaction of the polymer with the systems, making this copolymer 
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Figure 2. Envelopment of poly(I:C)-loaded nanocomplexes with PEG–PGA. (A) Particle size, PDI and (B) zeta 
potential of the C12r8 nanocomplexes yielded from the different ratios and types of PEG–PGA tested. Values 
represent mean ± SD (n ≥ 3). C12r8, laurate-octaarginine; PEG–PGA, pegylated polyglutamic acid; PDI, 


































































































































































































































































































































































































To determine the efficiency of PEG–PGA envelopments in improving the ENCPs stability, the 
variation of their physicochemical properties in cell culture media were monitored (Supporting 
Information, Fig. S3). The results showed that only the diblock copolymer PEG20k–PGA10 was able to 
stabilize the nanocomplexes in a weight ratio C12r8:pIC:PEG–PGA 4:1:3 (Supporting Information, Fig. 
S3A–C). As above-mentioned, this stability would probably be related to the steric protection provided 
by the PEG moieties, and, very likely, only this diblock polymer was able to generate an efficient PEG 
density surrounding the system. Similar C12r8 nanosystems enveloped with this PEG–PGA 
arrangement were also significantly stabilized [36,47], which confirms that this diblock combination of 
a low number of PGA units (10) with a long PEG tail (20 kDa) provides good steric protection to a 
nanosystem.  
After the selection of the diblock PEG20k–PGA10 polymer for enveloping the C12r8 nanocomplexes, 
we applied the same enveloping conditions to the pArg nanocomplexes (weight ratio pArg:pIC:PEG–
PGA 1:1:3). These ENCPs presented a particle size of 190 ± 15 nm, low PDI values (0.18) and a lower 
positive surface charge (+26 ± 8 mV). Furthermore, the colloidal stability in cell culture media showed 
that all ENCPs properties were maintained after 24 h of incubation (Supporting Information, Fig. S3D), 
concluding that this diblock PEG20k–PGA10 has highly interesting properties for increasing the stability 
of nanosystems. 
 
3.1.3. Nanocomplexes enveloped with HA 
Hyaluronic acid (HA) was also evaluated for the envelopment of the nanocomplexes, based on its 
anionic character and stealth properties [50–52]. Indeed, a recent report has claimed that HA coatings 
are able to decrease the adsorption of immunogenic proteins, in comparison to other anionic coatings 
[53]. All these characteristics were expected to confer stability to the ENCPs, together with longer 
circulation times. 
In line with this, several weight ratios of HA were evaluated for enveloping the C12r8 and the pArg 
nanocomplexes. In the case of C12r8, the lowest amounts of HA (weight ratio C12r8:pIC:HA 2:1:1.5, 
4:1:1.5 and 4:1:3) led to aggregation, probably because the surface charges of the ENCPs were close 
to neutrality. In the rest of the cases (weight ratios C12r8:pIC:HA 2:1:3, 2:1:6 and 4:1:6; and 
pArg:pIC:HA 1:1:1.5, 1:1:3 and 1:1:6), the ENCPs presented sizes of 150–200 nm and negative surface 
charges. 
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Figure 3. Envelopment of poly(I:C)-loaded nanocomplexes with hyaluronic acid. Influence of the ratio of 
arginine-rich polymer:pIC:HA for the different (A, B) C12r8 and (C, D) pArg nanocomplexes. Values of (A, C) 
particle size, PDI and (B, D) zeta potential of the nanocomplexes obtained after adding the different ratios of 
hyaluronic acid. Values represent mean ± SD (n ≥ 3). C12r8, laurate-octaarginine; HA, hyaluronic acid; pArg, poly-
arginine; PDI, polydispersity index; pIC, poly(I:C). 
 
When evaluating the stability in cell culture media, none of the C12r8 ENCPs were sufficiently stable 
after the envelopment with HA, reason why they were discontinued for the following experiments 
(Supporting Information, Fig. S4A). Oppositely, for HA-enveloped pArg nanosystems, all ENCPs were 
stable after incubation in cell culture media (Supporting Information, Fig. S4B). Among them, the 
weight ratio pArg:pIC:HA 1:1:1.5 showed the best properties in terms of its short-term stability (data 
not shown), and, therefore, was selected for further evaluation. 
Regarding the different stability of the HA-enveloped nanosystems, it is known that the presence 
of salts and the high ionic strength of the cell culture media can potentially disturb the ionic 
interactions governing the stability of some colloidal systems [54]. Additionally, we hypothesized that 
the different MW of pArg and the C12r8 can cause a more tightly attachment of the HA coating in the 






















































































































































































Overall, the conclusion from these envelopment tests is that the process needs to be optimized in 
a case-by-case basis, and that the envelopment is highly determined by the nanocomplexes 
composition and the nature of the enveloping polymer. 
 
3.2. Association capacity of poly(I:C) to the enveloped nanocomplexes (ENCPs) 
After the screenings described in the precedent sections, a total of four ENCPs were selected to 
investigate their capacity to polarize macrophages: non-enveloped, diblock PEG20k–PGA10 enveloped 
and HA-enveloped pArg nanocomplexes (pArg:pIC ENCPs; pArg:pIC/PEG–PGA ENCPs and pArg:pIC/HA 
ENCPs, respectively) and diblock PEG20k–PGA10 enveloped C12r8 nanocomplexes (C12r8:pIC/PEG–
PGA ENCPs). Their main physicochemical properties are summarized in Figure 4A. All ENCPs presented 
particle sizes between 150 and 200 nm, with low PDIs and surface charges ranging from highly positive 
(pArg:pIC), through neutral (C12r8:pIC/PEG–PGA) to negatively charged (pArg:pIC/HA). Remarkably, 
high loading values of poly(I:C) were obtained for the different systems (Fig. 4A). Electron microscopy 
verified the size, homogeneity and spherical shape of the ENCPs (Fig. 4B). 
Secondly, the efficacy of the ENCPs to associate poly(I:C) was qualitatively evaluated. An agarose 
gel retardation assay confirmed that all nanosystems efficiently interacted with poly(I:C), with no free 
poly(I:C) detected, and the incubation with the competitor polyanion heparin was able to partially 
displace the cargo (Fig. 4C). Moreover, the incubation of the nanocomplexed poly(I:C) in cell culture 
media during 4 or 24 h did not disrupt the interaction between poly(I:C) and pArg (Fig. 4D and 
Supporting Information, Fig. S5A lanes 2–7). Instead, free poly(I:C) suffered a degradation when 
exposed to the cell culture media, as noted by the decrease in the MW (Fig. 4D and Supporting 
Information, Fig. S5A lane 2). This degradation was probably caused by the RNases present in the 
media, since this degradation did not happen in water in the same conditions (Supporting Information, 
Fig. S5B). 
In the case of the C12r8:pIC/PEG—PGA ENCPs, poly(I:C) was not released upon incubation in cell 
culture medium, but after the displacement with heparin some degradation could be observed at 4 
and 24 h (Fig. 4D and Supporting Information, Fig. S5A lanes 9–10). Nevertheless, we cannot discard 
that this degradation in the C12r8:pIC/PEG—PGA ENCPs was due to the interaction of the displaced 
poly(I:C) with the media, since degradation occurs even after 15 min of incubation in media, but not 
in water (Supporting Information, Fig. S5B). Therefore, these results demonstrate the capacity of the 
ENCPs to protect and prevent the premature release of poly(I:C).  
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Figure 4. Physicochemical properties and poly(I:C) binding affinity of the selected nanocomplexes. (A) 
Summary of the main physicochemical properties of the four nanosystems, and (B) FESEM images of each 
prototype. Values represent mean ± SD (n ≥ 12). Size bars represent 200 nm. (C) Agarose gel retardation assay 
to evaluate the poly(I:C) binding capacity of the nanocomplexes. Lanes: (1) free poly(I:C), (2, 4, 6, 8) are 
pArg:pIC, pArg:pIC/PEG–PGA, pArg:pIC/HA and C12r8:pIC/PEG–PGA nanocomplexes, respectively; and (3, 5, 7, 
9) are the corresponding nanocomplexes incubated with heparin. (D) Agarose gel retardation assay to evaluate 
the release and integrity of poly(I:C) after 4 h of incubation in cell culture media at 37 °C. Lanes: (1) free poly(I:C) 
in solution and (2) in cell culture media; (3, 5, 7, 9) are pArg:pIC, pArg:pIC/PEG–PGA, pArg:pIC/HA and 
C12r8:pIC/PEG–PGA nanocomplexes in cell culture media; and (4, 6, 8, 10) are the same conditions incubated 
with heparin. C12r8, laurate-octaarginine; FESEM, field emission scanning electron microscopy; HA, hyaluronic 












pArg:pIC 1:1 163 ± 14 0.20 +44 ± 3 50
pArg:pIC /PEG–PGA 1:1 :3 190 ± 14 0.18 +26 ± 8 20
pArg:pIC /HA 1:1 :1.5 157 ± 10 0.16 -15 ± 7 29
C12r8:pIC /PEG–PGA 4:1 :3 165 ± 14 0.07 +5 ± 1 12.5
Mean ± SD, n ≥ 12. C12r8, laurate octa-arginine; HA, hyaluronic acid; pArg, polyarginine; PDI,



















































3.3. In vitro toxicity of the nanocomplexes 
Considering that the target cells of the developed ENCPs are TAMs, primary human monocyte-
derived macrophages were used to evaluate the in vitro toxicity of the nanosystems. M0 or M2 
macrophages were incubated with the selected ENCPs for different times. When M0 macrophages 
were exposed to different concentrations of free or nanocomplexed poly(I:C) for 24 h, minor toxicity 
values were observed for the lowest doses (1 and 5 µg/mL), with no significant differences among 
ENCPs (Fig. 5A). At higher doses (10 and 20 µg/mL), the poly(I:C) nanocomplexed with C12r8 showed 
significantly higher toxicity than the free dsRNA (Fig. 5A). This increased toxicity could be caused by 
the higher amount of the polypeptide C12r8 in comparison to pArg for the same dose of poly(I:C) 
(weight ratio 4:1 and 1:1, respectively), and due to the intrinsic toxicity of CPPs [55]. Similarly, the 
pArg-based formulations at 20 µg/mL of poly(I:C) were also significantly more toxic than the free 
molecule in solution (Fig. 5A). It is expected that the better biodistribution in in vivo conditions will 
compensate this toxicity. 
A similar tendency was observed for M2 macrophages, showing higher toxicities for all the ENCPs 
at 20 µg/mL of poly(I:C), while the lower doses were much better tolerated (Fig. 5B). As expected, 
shorter incubation times (Supporting Information, Fig. S6A, C) produced negligible toxicities, while 
longer incubation times decreased cell viability (Supporting Information, Fig. S6B, D).  
As a whole, these experiments were also intended to find a compromise between biocompatible 
and effective doses of poly(I:C). In this sense, 5 µg/mL of poly(I:C) was selected as a suitable non-toxic 
concentration for the following experiments. 
 
3.4. Uptake and cellular internalization of the nanocomplexes by macrophages 
In order to bind to its intracellular receptor (TLR3), poly(I:C) must be internalized by the 
macrophages. Thus, we evaluated if the uptake of poly(I:C) was improved when included into the 
ENCPs. Using rhodamine-labeled poly(I:C), the ability of macrophages to internalize free and 
nanocomplexed poly(I:C), together with its localization inside the cells, were studied. When complexed 
only with pArg, the uptake of poly(I:C) was highly improved, which could be related to the high positive 
surface charge of these ENCPs (Fig. 5C). Similarly, a higher uptake versus the free poly(I:C) was also 
observed for the HA-ENCPs, probably associated to the CD44 affinity of HA [56]. In the case of the two 
PEG–PGA ENCPs, the uptake was only slightly better than the free dsRNA. These results could be 
caused by the effect of the PEG chains, which might decrease the interaction of the ENCPs with the 
cell membrane, thus preventing their uptake by macrophages, as reported before for other 
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nanoparticles [47,57]. However, in the in vivo scenario, the stealth properties of the polymer-
enveloped nanosystems and their capacity to be accumulated in the tumor environment could 
compensate this drawback. 
The ultimate target of the developed poly(I:C) ENCPs is the intracellular endosomal receptor TLR3. 
In order to confirm that the poly(I:C) associated to the ENCPs was able to reach this receptor, we 
studied the localization of the free and nanocomplexed poly(I:C) once inside the cells. For this, pArg:pIC 
ENCPs containing rhodamine-labeled poly(I:C), and CellLight® were used to track the cargo and the 
endosomes, respectively. Confocal microscopy studies confirmed the presence of high amounts of 
poly(I:C) (in red) inside the endosome (in green) after 2 and 8 h of incubation, confirming the co-
localization of the drug and its target (Fig. 5D and Supporting Information, Fig. S7). A similar 
intracellular trafficking is expected for the C12r8 ENCPs, since other r8-based complexes have been 
shown to be taken up by endocytosis [58]. Therefore, the inclusion of poly(I:C) into ENCPs did not 









Figure 5. Toxicity, uptake and cellular localization of poly(I:C) and nanocomplexes. Toxicity towards (A) M0 and 
(B) M2 primary human monocyte-derived macrophages after 24 h of incubation. (C) Poly(I:C) uptake by primary 
human monocyte-derived macrophages when included in the different nanocomplexes after 4 and 24 h hours of 
incubation. (D) Co-localization with the endosome of rhodamine-labelled pArg:pIC nanocomplexes after 8 h of 
incubation (100x magnification). Values represent mean ± SD (n = 3). Statistical comparison was done using a 
two-way ANOVA followed by a Tukey’s multiple comparison test. Statistically significant differences are 
represented as * (p < 0.05), *** (p < 0.005) and **** (p < 0.001). C12r8, laurate-octaarginine; HA, hyaluronic acid; 
pArg, poly-arginine; PEG–PGA, pegylated polyglutamic acid; pIC, poly(I:C). 
 
3.5. Macrophage polarization towards a pro-inflammatory phenotype 
The interaction of poly(I:C) with the endosomal TLR3 triggers an immune response through the TRIF 
pathway [59]. This pathway stimulates the expression of type I IFN genes, leading to increased 
expression of pro-inflammatory markers such as CD80 and MHC II; while the M2-like features (e.g., 
CD206 and CD163) are decreased (Fig. 6). Therefore, the change in the expression of both M1 and M2 
markers was studied to determine if the treatment with nanocomplexed poly(I:C) was able to polarize 
macrophages [9,11]. Overall, no significant changes in the expression of surface CD80 and MHC II were 
observed in the ENCP-treated M0 or M2 macrophages at the time points of the study (Fig. 6B,D,F,H). 
Only a slight increase for the M1 markers CD80 and MHCII in macrophages exposed to 
C D
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C12r8:pIC/PEG—PGA ENCPs was observed, but with no significant differences. A similar pattern was 
observed in the case of the mannose receptor CD206 (Fig. 6J,L). The presence of the scavenger 
receptor CD163 on the surface of macrophages was lower upon treatment with all ENCPs, with 
significant differences in M2 macrophages treated with C12r8:pIC/PEG—PGA ENCPs (Fig. 6N,P). The 
slight decrease of CD163 in macrophages exposed to ENCPS could be related to the polarization of 
macrophages towards an M1 phenotype, although we cannot discard that it might also be related with 
an involvement of this scavenger receptor in the uptake of the ENCPs. Further experiments would be 
required to fully understand the interaction of CD163 with the ENCPs. These results, which are in line 
with a recent publication on the evaluation of poly(I:C) versus imiquimod in vitro, show a very limited 
ability of free or nanocomplexed poly(I:C) to modulate the ratio of M1/M2 receptors on the surface of 
prototypical M0 or M2 macrophages [38]. Indeed, the dynamic turnover of these receptors could 
difficult their precise quantification to determine the M1/M2 phenotypes in vitro. On the basis of these 
data, and being conscious that the ability of poly(I:C) to polarize macrophages towards an M1-like anti-
tumoral phenotype can be better evaluated by conducting functional assays, we tested the ability of 
macrophages to secrete chemokines involved in the recruitment of T cells and the cytotoxic potential 





Figure 6. Polarization of M0 and M2 macrophages after treatment with free and nanocomplexed poly(I:C). 
Expression of the M1 markers (A–D) CD80, (E–H) MHCII, and the M2 markers (I–L) CD206 and (M–P) CD163 in 
treated M0 and M2 macrophages, in comparison to the prototypic phenotypes. Each symbol shape represents a 
different donor. Values represent mean ± SD (n ≥ 3). Statistical comparison was done using an ordinary one-way 
ANOVA followed by a Tukey’s comparison test between groups. C12r8, laurate-octaarginine; HA, hyaluronic acid; 
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Cytotoxic T cells (CTLs) are also important players in the anti-tumoral immune response [60,61]. 
CXCL10 and CCL5 are two key chemokines implicated in the recruitment of CTLs by macrophages 
towards the tumor to fight against the cancer cells. Thus, we have evaluated the secretion of these 
chemokines by macrophages exposed to ENCPs. We found a higher production of CXCL10 and CCL5 by 
macrophages treated with ENCPs versus free poly(I:C) and the control (non-treated M0 macrophages) 
(Fig. 7 and Supporting Information, Fig. S8). Importantly, the levels of CXCL10 stimulated by the ENCPs 
were similar to the ones obtained with M1 macrophages at 24 h, or even higher, in the case of the 
pArg:pIC and C12r8:pIC/PEG–PGA ENCPs (Fig. 7B). Regarding CCL5, only the pArg:pIC/PEG–PGA ENCPs 
increased significantly the secretion of this chemokine (Fig. 7D). 
 
Figure 7. Secretion of the T cell attracting chemokines upon treatment with the poly(I:C) nanocomplexes. 
(A–B) CXCL10 secretion in (A) prototypic macrophages and in (B) M0 macrophages treated with the different 
nanocomplexes after 24 h of incubation. (C–D) CCL5 secretion in (C) prototypic macrophages and in (D) M0 
macrophages treated with the different nanocomplexes after 24 h of incubation. Each symbol shape 
represents a different donor. Values represent mean ± SD (n ≥ 3). Statistical comparison was done using an 
ordinary one-way ANOVA followed by a Tukey’s comparison test between groups. C12r8, laurate-


























































































































These results indicate that, even though nanocomplexed poly(I:C) did not provoke an important 
change in the surface marker expression of macrophages, other anti-tumoral features such as the CTL 
recruitment capacity, were greatly improved. Therefore, it would be expected that within the tumor 
microenvironment, and upon treatment with the ENCPs, the secretion of these chemokines by TAMs 
would be increased, attracting CTLs towards the tumors. 
 
3.6. Increased ability of pre-treated macrophages to kill tumor cells  
Besides their role in activating the immune system to fight cancer, macrophages have also the 
capacity to directly kill tumor cells [62]. To assess the potential of the poly(I:C) ENCPs to re-educate 
macrophages towards an M1 anti-tumoral phenotype, we performed a functional assay to evaluate 
their ability to kill tumor cells (Fig. 8A). For this, M0 macrophages were treated with the different 
ENCPs during 24 h or differentiated to prototypical M1-like or M2-like phenotypes used as controls. 
These pre-treated macrophages were then co-cultured with stained pancreatic cancer cells (PANC-1) 
for 48 h. As expected, PANC-1 cells proliferated 15% more in co-culture with M2-like macrophages, 
compared to non-polarized M0 macrophages (Fig. 8B). On the other side, as a positive control, M1 
macrophages presented a 60% increased ability to kill the cancer cells, when compared to M0 
macrophages (Fig. 8B). In the case of macrophages pre-treated with free and nanocomplexed poly(I:C), 
a 30–40% increase in their cytotoxicity towards cancer cells was observed versus M0 macrophages 
(Fig. 8C). Of note, the cytotoxicity of ENCP-treated macrophages towards cancer cells was much higher 
than the one of M0 or M2 macrophages, achieving a similar activity than the prototypical M1-like 
macrophages exposed to LPS and IFN-γ. Also, nanocomplexed poly(I:C) performed as well as the free 
molecule, thus showing that the dsRNA remained active. These results corroborate the potential of 
nanocomplexed poly(I:C) to re-educate macrophages to fight cancer. 
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Figure 8. Macrophage cytotoxicity towards PANC-1 cancer cells after pre-treatment with the different 
nanocomplexes. (A) Schematic representation of the in vitro model for the determination of the killing capacity 
of pre-treated macrophages. (B–C) % of cancer cell death caused by (B) the prototypic macrophages or (C) M0 
macrophages pre-treated with free or nanocomplexed poly(I:C). Each symbol shape represents a different donor. 
Values represent mean ± SD (n ≥ 3). Statistical comparison was done using an ordinary one-way ANOVA followed 
by a Tukey’s multiple comparison test between groups. C12r8, laurate-octaarginine; HA, hyaluronic acid; pArg, 
poly-arginine; PANC-1, pancreatic cancer cells; PEG–PGA, pegylated polyglutamic acid; pIC, poly(I:C). 
 
3.7. In vivo activity of poly(I:C) 
The developed ENCPs showed the capacity to polarize macrophages towards a M1-like phenotype 
with anti-tumoral functions. An in vivo study in mice bearing CMT167 lung tumors was conducted to 
determine the efficacy of the treatment. Upon injection of a total of 125 µg of poly(I:C) in the tumor 
of each mouse (5 injections of 25 µg in alternative days) (Fig. 9A), we could observe a significant 
prevention of tumor growth in mice receiving the free poly(I:C) (Fig. 9B,C). For the groups treated with 
poly(I:C) ENCPs, both in the case of the C12r8- and the pArg-based ones, a continuous increase in the 
tumor volume was observed, with no differences in comparison to the control groups (equivalent 
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the in vitro tests reported in the previous sections. Although an in vitro/in vivo correlation should not 
necessarily be expected, we have speculated about the potential reasons for the limited in vivo activity 
of the ENCPs. We have hypothesized about the potential higher difficulty for the ENCPs to diffuse 
across the tumor microenvironment. Although the presence of a hydrophilic polymer on the surface 
of nanocarriers was expected to facilitate their penetration across the tumor [46], the size of the ENCPs 
might have hampered their diffusion. Another hypothesis is the one that presumes that the high 
affinity of poly(I:C) towards the arginine polymers/oligomers, hinders its release and availability for 
interaction with the TLR3 targeted receptor. This slow release might have been sufficient to stimulate 
macrophages in vitro but not under in vivo conditions. Hence, additional dose-scaling studies are 
needed in order to understand the mechanistic behavior of ENCPs. Furthermore, as the main out-put 
expected from the delivery technology was a reduction of the systemic toxicity, a study making use of 
the intravenous administration and evaluating the systemic toxicity will be planned.  
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Overall, we have developed arginine-based ENCPs that are able to protect and stabilize poly(I:C). In 
addition, the delivery carrier facilitated the accumulation of poly(I:C) in the endosomal compartments, 
where the TLR3 is localized (Fig. 10a–b). Despite this accumulation, no significant changes in surface 
marker expression were detected, probably due to the limited time and/or dose selected in the study. 
However, in agreement with the targeted delivery, macrophages pre-treated with nanocomplexed 
poly(I:C) presented an enhanced secretion of T-cell attracting chemokines, which are critical for 
triggering effective anti-tumoral immune responses (Fig. 10c–d). Moreover, macrophages pre-treated 
with either free or nanocomplexed poly(I:C) presented an improved capacity to kill cancer cells (Fig. 
10e). These positive in vitro results could not be translated into an enhanced anti-tumoral efficacy in 
vivo using an immunocompetent murine tumor model. This was probably due to the in vivo 
 
Figure 9. In vivo anti-tumor efficacy study of the developed nanocomplexes. (A) Schematic representation of 
the anti-tumor in vivo efficacy study. (B–C) Variation of tumor growth evaluated as tumor volume (d2xD/2) of 
mice (B) physiological water (white), free poly(I:C) (black) and C12r8 nanocomplexes (pink); or (C) physiological 
solution (white), pArg solution (gray), free poly(I:C) (black), pArg:pIC ENCPs (blue), pArg:pIC/PEG–PGA ENCPs 
(red) and pArg:pIC/HA ENCPs (yellow). Values represent mean ± SD (n > 8).  Statistical comparison was done using 
a two-way ANOVA followed by a Tukey’s multiple comparison test. Statistically significant differences are 
represented as ** (p < 0.01) and **** (p < 0.001). C12r8, laurate-octaarginine; HA, hyaluronic acid; pArg, poly-
arginine; PEG–PGA, pegylated polyglutamic acid; pIC, poly(I:C). 
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experimental set-up, particularly the dose and the administration route, and/or to the different 
mechanistic behavior of the ENCPs under in vitro and in vivo conditions. 
 
 
Figure 10. Schematic illustration of the in vitro effects of poly(I:C) nanocomplexes reported in this study. (a) 
Upon interaction with macrophages, poly(I:C) nanocomplexes are taken up. (b) This process allows poly(I:C) to 
reach its target receptor TLR3. It is expected that this interaction activates the TLR3 and the TRIF pathway, 
stimulating the upregulation of type I IFN genes. (c) The expression of M1 (CD80 and MHC II) and M2 (CD206 and 
CD163) surface markers is not substantially modified. Nevertheless, (d) CXCL10 and CCL5 chemokines, involved in 
the attraction of CD8 T cells to the tumor microenvironment, are secreted. (e) The direct cytotoxicity of 
macrophages towards cancer cells is also enhanced. 
 
4. Conclusions 
This work highlights the importance of a rational design in the development of poly(I:C) ENCPs. The 
complexation of poly(I:C) with arginine-rich polymers and their subsequent envelopment with either 
PEG–PGA or HA resulted in the formation of ENCPs with adequate physicochemical properties. This 
delivery strategy was found to increase the amount of poly(I:C) taken up by the macrophages and to 
activate macrophages. These results did not correlate well with those of a preliminary in vivo study 
intended to evaluate the capacity of the ENCPs to decrease tumor growth. These differences 
emphasize the need for a deeper understanding of the biodistribution and intracellular delivery of 
poly(I:C). Furthermore, in vivo toxicity studies following intravenous administration need to be 
performed in order to fully assessed the value of this delivery strategy. In this regard, ENCPs could 
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Supporting Figure S1. Stability of the non-enveloped nanocomplexes in cell culture media. Evolution of particle 
size of (A) C12r8-based nanocomplexes and (B) pArg-based nanocomplexes up to 24 h of incubation in cell 
culture media at 37 °C, in comparison with the nanocomplexes in water (control). Values represent mean ± SD 


























































































































Supporting Figure S3. Stability of the PEG–PGA enveloped nanocomplexes in cell culture media. Evolution of 
particle size of PEG–PGA enveloped C12r8 nanocomplexes in a weight ratio (A) 2:1:6, (B) 4:1:6 and (C) 4:1:3 
C12r8:pIC:PEG–PGA. (D) Evolution of particle size of diblock PEG20k–PGA10 enveloped pArg nanocomplexes in a 
weight ratio 1:1:3 pArg:pIC:PEG–PGA. Nanocomplexes were incubated up to 24 h in cell culture media at 37 °C, 
and sizes were compared with those obtained in water (control). Values represent mean ± SD (n ≥ 3). C12r8, 









A BC12r8:pIC:PEG–PGA 2:1:6 C12r8:pIC:PEG–PGA 4:1:6
C C12r8:pIC:PEG–PGA 4:1:3 D pArg:pIC:PEG–PGA 1:1:3
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Supporting Figure S4. Stability of the HA-enveloped nanocomplexes in cell culture media. Evolution of particle 
size of (A) C12r8-based nanocomplexes and (B) pArg-based nanocomplexes enveloped with different weight 
ratios of HA up to 24 h of incubation in cell culture media at 37 °C, in comparison with the nanocomplexes in 
water (control). Values represent mean ± SD (n ≥ 3). C12r8, laurate-octaarginine; HA, hyaluronic acid; pArg, poly-







Supporting Figure S5. Poly(I:C) release from nanocomplexes and stability in cell culture media. (A) Agarose 
gel retardation assay to evaluate the release and integrity of poly(I:C) after 24 h of incubation in cell culture 
media at 37 °C. Lanes: (1) free poly(I:C) in solution and (2) in cell culture media; (3, 5, 7, 9) are pArg:pIC, 
pArg:pIC/PEG–PGA, pArg:pIC/HA and C12r8:pIC/PEG–PGA nanocomplexes in cell culture media; and (4, 6, 8, 
10) are the same conditions incubated with heparin. (B) Agarose gel retardation assay to evaluate the 
degradation of poly(I:C) in different conditions. Lanes: (1) free poly(I:C); (2) free poly(I:C) incubated with 
heparin in water for 30 min at 37 °C; (3–5) free poly(I:C) incubated in cell culture media at 37 °C for 15, 30 and 
60 min, respectively. C12r8, laurate-octaarginine; HA, hyaluronic acid; pArg, poly-arginine; PEG–PGA, 
pegylated polyglutamic acid; PDI, polydispersity index; pIC, poly(I:C). 
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Supporting Figure S6. Toxicity of poly(I:C)-loaded nanocomplexes towards primary human monocyte-derived 
macrophages. Toxicity in (A–B) M0 and (C–D) M2 macrophages after 1 and 48 h of incubation with free and 
nanocomplexed poly(I:C). Values represent mean ± SD (n ≥ 3). Statistical comparison was done using a two-way 
ANOVA followed by a Tukey’s multiple comparison test. Statistically significant differences are represented as * (p 
< 0.05), ** (p < 0.01), *** (p < 0.005) and **** (p < 0.001). C12r8, laurate-octaarginine; HA, hyaluronic acid; pArg, poly-
arginine; PEG–PGA, pegylated polyglutamic acid; pIC, poly(I:C). 
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Supporting Figure S7. Cellular localization of nanoformulated poly(I:C) in primary human monocyte-derived 
macrophages. Co-localization of rhodamine-labelled pArg:pIC nanocomplexes and the endosome after 2 h of 









Supporting Figure S8. Secretion of the T cell attracting chemokines upon treatment with the poly(I:C) 
nanocomplexes. (A–B) CXCL10 secretion in (A) prototypic macrophages and in (B) M0 macrophages treated 
with the different nanocomplexes after 8 h of incubation. (C–D) CCL5 secretion in (C) prototypic macrophages 
and in (D) M0 macrophages treated with the different nanocomplexes after 8 h of incubation. Each symbol 
shape represents a different donor. Values represent mean ± SD (n ≥ 3). Statistical comparison was done using 
an ordinary one-way ANOVA followed by a Tukey’s comparison test between groups. C12r8, laurate-
















































































































































The immune system is formed by a complex network of organs, tissues, and innate and adaptive 
cells that crosstalk to trigger different responses. Furthermore, it can be involved in both, the 
development and the eradication of many diseases, such as infections, inflammatory, and autoimmune 
diseases, or even cancer. Hence, from a therapeutic perspective, targeting and modulating the 
immune system can prevent or treat a great number of the most important illnesses of our time. 
Nanoparticles (NPs) are tunable systems that can be employed to modulate the responses of the 
immune system, for example, by diminishing inflammation, eliciting more prominent humoral or 
cellular responses, or by re-activating the immune system to fight cancer [1,2]. NPs can present sizes 
ranging from a few to several hundred nm, different surface properties, variable shapes and stiffness, 
parameters that will influence the interaction with these cells. At the same time, NPs can be 
functionalized with targeting moieties to specifically direct them towards a desired organ, tissue or cell 
population [1,2]. By bringing together all the growing knowledge about the role of the immune system 
in the physiopathology of diseases, and the capacity to rationally design nanosystems with tailored 
properties, the potential of nanomedicine is beyond any other therapies. 
Our group has a three decades of experience using nanotechnology for the modulation of the 
immune system. More specifically, in the field of vaccines, the activity of our group has been focused 
on the design of different nanocarriers adapted specifically to the antigen nature. Our group started 
in the early 90’s engineering NPs of poly-lactic acid (PLA) and derivatives in the context of single-dose 
vaccines for tetanus toxoid [3,4]. Later, the group developed a variety of polysaccharide- and 
polypeptide-based NPs and nanocapsules (NCs) for the delivery of tetanus toxoid, Hepatitis B antigens 
and uropathogenic E. coli antigen [5–14]. At the same time, regarding the development of 
immunotherapies for cancer, our group has employed NCs carrying cytokines and polynucleotides to 
diminish the presence of myeloid-derived suppressor cells in the tumor microenvironment [15]. 
Based on our background experience on antigen formulation we had the opportunity to collaborate 
with the University of Manitoba (Canada) in the development of a more challenging vaccine, the one 
intended to fight against HIV. The need of such a vaccine is clear if we take into account that HIV is still 
one of the most threatening infectious disease that remains elusive to vaccination [16]. Therefore, the 
first goal of this thesis was to design and develop polysaccharide-based NPs associating an SIV (the 
simian equivalent to HIV) peptide antigen, with the aim of improving the elicited immune response 
against SIV. 
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1. Engineering polysaccharide NPs for the modulation of the immune response against an 
SIV peptide antigen 
Developing an effective HIV vaccine has proven to be particularly challenging due to the special 
characteristics of the HIV virus. HIV infects CD4 T cells, which have an important role in the 
development of the adaptive immune response. On the other hand, HIV mutates rapidly, leading to a 
deleterious activation of the immune system, which results in the generation of ineffective humoral 
and cellular responses. In addition, the different virus strains are highly variable, a fact that complicates 
the generation of broad and protective immune responses [17].  
Our approach for the design of an HIV vaccine has been to use the peptide sequences that overlap 
the twelve HIV protease cleavage sites (PCSs) as antigens (Fig. 1). The protease is an essential enzyme 
for HIV because its function is to cleave specific proteins, such as Gag, Gag-Pol and Nef, that are key 
for the maturation of HIV virions, and thus, crucial to its infectivity [18–20]. The proteolysis of these 
proteins must take place on the twelve cleavage sites in a controlled and sequential way, and the 
interruption of this process, even in one single site, may interrupt virus maturation and, therefore, 
stop virus infection [18,19,21]. An additional advantage of the PCS peptide antigens relies on the fact 
that these PCSs are highly conserved regions among HIV-1 viruses and, therefore, the mutation of the 
virus will not diminish the activity of the vaccine [18–21]. In a prior approach, the twelve peptide 
antigens for the SIV (simian equivalent of HIV) were entrapped into CS/dextran sulfate (DS) NPs by 
simple ionic complexation. The NPs were administered intranasally to non-human primates (NHPs), 
that were previously primed with the twelve PCS-encoding plasmids cloned into viral vectors. The 
results showed a significant increase in the IgG responses against the PCSs after nasal boosting with 





Figure 1. HIV protease cleavage sites location in the Gag, Pol and Nef proteins, and fragments generated after 
the cleavage. The twelve peptide antigens are twenty amino acid sequences that flank each of these twelve 
sequences (ten amino acids before and after each cleavage site). Image adapted from [19], and reproduced 
under a Creative Commons Attribution 4.0 International License. 
http://creativecommons.org/licenses/by/4.0/. 
Based on this background information, the primary objective of this work was to evaluate if the 
chemical linkage of an SIV PCS peptide antigen (PCS5) to polysaccharide NPs, and the inclusion of the 
adjuvant poly(I:C), could improve its immunogenicity over the association to NPs by ionic forces. We 
hypothesized that the conjugation of the antigen to the polysaccharides might prevent its premature 
release until the particles are captured and processed by antigen presenting cells (APCs), thereby 
dually improving and prolonging the induced immune responses. CS and hyaluronic acid (HA) were the 
polysaccharides of choice to conjugate the selected peptide antigen, PCS5. Also, the TLR3 agonist 
poly(I:C) was included in these two nanosystems to stimulate a cellular response against the antigen 
[7,24–26]. As a control formulation, PCS5 was entrapped by ionic forces in CS/DS NPs, which were 
previously reported as good antigen carriers for the PCS peptide antigens through mucosal routes 
[22,23]. Polymer–PCS5 conjugates and the resulting NPs were characterized in terms of their chemical 
composition and structural organization. Then, their capacity to activate the immune system, 
regarding antibody production, T cell and APCs activation, was studied in mice. Finally, the most 
promising prototypes were optimized to associate three PCSs and were then administered to NHPs to 
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1.1. Development of SIV peptide antigen-loaded polysaccharide NPs 
Polysaccharides, and particularly CS, have attracted significant attention as biomaterials for the 
design of antigen delivery carriers [27–29]. Our group has originally reported the development of CS-
based nanocarriers for the delivery of a variety of antigens [6,7,30–32]. Other authors have also 
disclosed the utility of nanosystems made of DS [27,33–35] or HA [36–41], both negatively charged 
polysaccharides, to enhance immune responses. In most of these reports, the association of the 
antigen to the polymeric nanocarrier was based on a simple entrapment process, normally driven 
mainly by ionic interactions between the polymers and the antigen. However, our objective in this 
work was to covalently conjugate the PCS5 peptide antigen to the NPs in order to achieve a more 
sustained and improved presentation of the antigen to the immune cells.  
Using the preparation method for CS/DS NPs previously described by our laboratory [22], PCS5 was 
easily entrapped within the NPs by simply adjusting the ionic interaction of the cationic peptide (PCS5) 
and the cationic polysaccharide (CS), with the negatively charged polysaccharide (DS) (Fig. 2A).  
For the covalent attachment of PCS5 to the polymers, the peptide was first conjugated to CS by an 
oxime bond. The resulting CS–PCS5 conjugate was then used to prepare NPs through ionic interactions 
with DS, together with poly(I:C) (Fig. 2B). Finally, for the third prototype, the conjugation of PCS5 to 
HA was achieved through the formation of a thioether bond, which has been reported to be cleaved 
in glutathione-rich environments, such as the cytosol [42]. A mass ratio CS/HA 1:1 was selected to form 
these NPs, since their positive surface charge was expected to allow the association of the negatively 
charged poly(I:C) to the system (Fig. 2C). In both cases, the covalent attachment was expected to help 
to display PCS5 on the surface, which, presumably, would facilitate the presentation of the antigen to 
B cells, and increase the humoral response against it, as already reported for similar antigen 
presentations [43,44]. In fact, for CS/HA–PCS5/pIC NPs, the analysis by X-ray photoelectron 





Figure 2. Composition of the different prototypes developed in this work. Schematic representation of the 
preparation process for the three developed nanosystems: (A) CS/DS + PCS5 NPs, (B) CS–PCS5/DS/pIC NPs, and 
(C) CS/HA–PCS5/pIC NPs, and the corresponding physicochemical properties. CS, chitosan; DS, dextran sulfate; 
HA, hyaluronic acid; PCS5, protease cleavage site 5; pIC, poly(I:C); NPs, nanoparticles. 
In order to improve the long-term stability of the antigen-loaded NPs, the different formulations 
were freeze-dried using trehalose as the cryoprotectant. The best results in terms of redispersion of 
the freeze-dried powder and preservation of the original properties of the nanosystems were obtained 
with a 7% of trehalose for both CS/DS + PCS5 and CS/HA–PCS5/pIC NPs, and 4% of trehalose for the 
CS–PCS5/DS/pIC NP formulation.  
 
1.2. Release of the covalently attached PCS5 from the NPs 
Taking into consideration that we aimed at comparing the influence of different covalent 
attachments in the generation of the immune response, we evaluated the release of PCS5 from the 
conjugates. The CS–PCS5 conjugation involved the formation of an oxime bond, which is known to be 
highly-stable at physiological pHs [45–47]. Therefore, our hypothesis was that the antigen would only 
be released after being processed by APCs. 
In the case of the HA–PCS5 conjugate, a thioether bond was formed between HA and PCS5, which 







































Particle size (nm) 119 ± 7
PDI 0.15
ζ-potential (mV) -50 ± 3
Antigen loading (%) 7.9
Antigen attachment Ionic interactions
Particle size (nm) 141 ± 6
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ζ-potential (mV) +29 ± 3
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pIC loading (%) 0.3
Antigen attachment Oxime bond
Particle size (nm) 211 ± 15
PDI 0.07
ζ-potential (mV) +30 ± 1
Antigen loading (%) 4.6
pIC loading (%) 0.05
Antigen attachment Thioether bond
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expected to be broken in the presence of free thiols, present in great amounts in the cytosol of cells 
as part of glutathione (GSH) molecules. This hypothesis could be verified in vitro, where PCS5 was 
found to be released from the NPs in the presence of GSH, but not in regular PBS medium. Thus, we 
speculated that the peptide will not be released in the extracellular medium, but only in the 
intracellular compartments where high concentrations of GSH are present [50,51]. 
 
1.3. In vivo evaluation of the immune responses elicited in different animal models 
1.3.1. Immune responses elicited in mice 
Regarding the humoral responses in mice, overall, the IgG responses elicited by the three different 
NP formulations increased significantly over time, reaching their maximum values at the latest time 
point of the experiment (week 16) (Fig. 3A). At this time point, the amount of anti-PCS5 antibodies 
detected in all NPs was 3 times higher than the levels detected in unvaccinated mice. This increasing 
and prolonged immunogenic response is of particular interest in the design of an HIV vaccine, because 
persistent levels of antibodies seem to be important for an effective vaccination [52]. This response is 
also in agreement with previous data reported by our group that showed the capacity of the antigen-
loaded NPs to induce significant IgG levels up to 28 or 37 weeks after immunization [12,13]. 
Considering these previous results, it is possible that the antigen-loaded NPs could still induce 
important levels of antibodies beyond the 16 weeks considered in our study. 
In addition to eliciting a strong and maintained immune response, the results of this study also 
indicated that the covalent linkage between the peptide and the NPs did not have an effect on the 
humoral responses. This is in contrast with previous findings where the antigen conjugation to the 
polymeric constituents of the nanocarrier led to an improved humoral response [43,53].  
To evaluate the activation of APCs, the expression of the co-stimulatory signals CD40 and CD86, 
both involved in the T-cell activation process [54–56], was measured. Regarding the levels of CD40 in 
macrophages, the prototype containing HA elicited the higher values, in comparison both to the 
control animals and the other two prototypes (Fig. 3B). In the case of CD86, both formulations with 
the covalent attachment and poly(I:C) were able to increase the expression of these surface marker 
(Fig. 3C). These results could support our hypothesis that covalent conjugation can indeed boost the 





Figure 3. In vivo studies in mice. (A) Anti-PCS5 antibody levels after the intramuscular administration of the three 
nanoformulations. (B, C) Macrophage expression of the co-stimulatory factors CD40 and CD86 at 9 weeks post 
prime quantified by multicolor flow cytometry of mice splenocytes. Non-treated naïve mice (red bars), and mice 
vaccinated with CS/DS + PCS5 (black bars), CS–PCS5/DS/pIC (white bars), and CS/HA–PCS5/pIC (gray bars). Values 
represent mean ± SEM (n ≥ 5). Statistical comparison between groups was done using a Mann-Whitney test. 
Significant statistical differences are represented as * (p < 0.05), ** (p < 0.01), *** (p < 0.001) and **** (p < 
0.0001) for comparison between groups and to naïve mice. CS, chitosan; DS, dextran sulfate; HA, hyaluronic acid; 
PCS5, protease cleavage site 5; pIC, poly(I:C); NPs, nanoparticles. 
Finally, when assessing the activation of T cells by measuring the secretion of IL-2 and TNFα, the 
three prototypes were able to activate both CD4 and CD8 T cells, but with different cytokine secretion 
kinetics. The NPs based on ionic interactions (CS/DS + PCS5 NPs) stimulated the highest secretion of 
cytokines at a short time point (10 weeks). In the case of the formulation with the cleavable conjugate 
(CS/HA–PCS5/pIC NPs), a sustained secretion of IL-2 and TNFα was detected from weeks 12 to 16. 
Finally, the most stable attachment (in CS–PCS5/DS/pIC NPs), induced a stronger T cell activation at 
weeks 9, and specially at week 16 (Fig. 4). This pattern could indeed be caused by the different release 
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profiles of the antigen from the NPs, as previously discussed, although further studies will be needed 
to confirm this hypothesis. It is also worth mentioning that delayed T cell activation observed here has 
also been described for an mRNA-based vaccine [58], a result that raises questions regarding which is 
the ideal T cell activation profile to generate a preventive vaccination.  
 
Figure 4. CD4 and CD8 T cell activation. IL-2 and TNFα secretion in (A, C) CD4 and (B, D) CD8 T cells were 
quantified by multicolor flow cytometry of T-cells derived from splenocytes from non-treated naïve mice (red 
bars) and NP-vaccinated mice: CS/DS + PCS5 (black bars), CS–PCS5/DS/pIC (white bars) or CS/HA–PCS5/pIC (gray 
bars). Values represent mean ± SEM (n ≥ 3). Statistical comparison between groups was done using a Mann-
Whitney test. Significant statistical differences are represented as *(p < 0.05) for comparison between groups 
and to naïve mice. CS, chitosan; DS, dextran sulfate; HA, hyaluronic acid; PCS5, protease cleavage site 5; pIC, 
poly(I:C); NPs, nanoparticles. 
In brief, in this part of the thesis, we engineered different polysaccharide-based NPs loaded with 
an HIV peptide antigen candidate, PCS5. The results showed that different factors, such as the 
attachment of the antigen (ionic interactions, cleavable and non-cleavable conjugations), the presence 
of immunomodulatory molecules such as poly(I:C), or the nature of the polysaccharides (CS, DS or HA) 





































































































































































studies in larger animal models will help to determine whether these humoral and cellular responses 
would translate into efficient protection in relevant models.  
 
1.3.2. Immune responses elicited in non-human primates (NHP) 
We selected two different prototypes of NPs containing PCS peptides in order to assess their 
performance in NHP, this being the preferred model for vaccination studies [59]. We chose CS/DS NPs 
due to their capacity to elicit cellular responses at short times after vaccination in mice [60]. Besides, 
this was the same composition as in the NPs employed in the reference twelve PCS-based vaccine, 
which had offered good in vivo responses in NHPs [22,23]. Since these NPs had been administered 
intranasally (i.n.) targeting mucosal immunity, with important IgG levels detected at mucosal sites [23], 
the same route of administration was maintained in this new study. On the other hand, we also 
selected a prototype consisting of CS/HA/pIC NPs, based on their capacity to elicit a modest but 
sustained T cell activation in mice [60]. These NPs were administered intramuscularly (i.m.) in order to 
generate a broad systemic immune response. With regard to the selection of the antigens, our goal 
was to evaluate the potential of a vaccine with a minimum amount of PCS antigens. Thus, rather than 
using the twelve peptides previously investigated, we selected the PCS5 peptide that was used for the 
initial evaluation in mice, as well as the PCS2 and PCS12 peptides. The concept behind this selection 
was based on the fact that single mutations surrounding these particular sites were reported to 
significantly impair viral fitness, thus hampering the capacity of the virus to replicate (data not shown). 
After the formulation of the NPs with the three PCSs, and the adaptation of the freeze-drying 
process, the efficacy of these formulations in terms of SIV prevention was assessed in NHPs. 
Additionally, their efficacy was compared to that of the reference formulation, composed of CS/DS 
NPs associating the twelve PCSs, combined with the rVSV vectors coding for these sequences (rVSV + 
Nano, 12 PCSs) [61]. 
The combination of the CS/DS and CS/HA/pIC NPs containing the three peptides (Nano, 3 PCSs) 
were administered to eight female macaques. Each animal received both, at the same time, an i.n. 
instillation of the CS/DS + PCS NPs, and an i.m. injection of the CS/HA–PCS/pIC NPs, every four weeks, 
for a total of four doses each (Fig. 5A). In parallel, the reference formulation containing the twelve 
PCSs delivered in viral vectors and in NPs (rVSV + Nano, 12 PCSs) was also administered to eight female 
macaques. In this group, each animal was first primed with the rVSVs i.m., and then boosted with a 
combination of the NPs i.n. and the rVSVs i.m. (in the 1st and 3rd boosts), only the NPs i.n. (in the 2nd 
boost) or the rVSVs i.m. alone (in the 4th boost) (Fig. 5B) [61]. In both cases, animals were challenged 
every two weeks, and viral loads monitored. 
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Figure 5 shows the number of non-infected animals after each challenge, in comparison to the 
control group. In the case of the reference formulation containing the twelve PCSs (rVSV + Nano, 12 
PCSs), after seven intravaginal challenges, 75% of the NHPs remained uninfected, in comparison to the 
25% uninfected in the control group. On the other hand, in the case of the NP-based formulation 
containing three PCSs (Nano, 3 PCSs), after these seven challenges, 50% of the vaccinated animals 
remained uninfected. 
 
Figure 5. Efficacy of the studied vaccines in terms of protection against SIV intravaginal challenges. (A–B) 
Vaccination groups, administration and challenges scheme for (A) the combination of the CS/DS and CS/HA/pIC 
nanoparticles with the three PCSs, administered intranasally and intramuscularly, respectively; and (B) the 
reference formulation based on the viral vectors and CS/DS nanoparticles containing the twelve peptide 
antigens, administered intramuscularly and intranasally, respectively [15]. (C) Non-human primates were 
vaccinated either with the CS/DS and CS/HA/pIC nanoparticles containing the three PCSs (Nano, 3 PCSs; in blue); 
the reference formulation based the twelve peptide antigens delivered in viral vectors and in CS/DS nanoparticles 
(rVSV + Nano, 12 PCSs; in red) [15]; or with the control VSVs without the peptides and ultrapure water (Control; 
in black). Percentage of uninfected animals after every intravaginal challenge with SIV, up to seven challenges. 
CS, chitosan; DS, dextran sulfate; HA, hyaluronic acid; i.m., intramuscular; i.n.; intranasal; NPs, nanoparticles; 
PCS, protease cleavage site; rVSV, recombinant vesicular stomatitis virus. 
A
B
Nano, 3 PCSs: CS/DS NPs (i.n.) and CS/HA/pIC NPs (i.m.)
rVSV + Nano, 12 PCSs: rVSV (i.m.) and CS/DS NPs (i.n.)
Control: wild type VSV (i.m.) and ultrapure water (i.n.)
C SIV challenges
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These preliminary studies in NHPs indicate that a vaccine targeting three of the twelve PCSs is a 
strategy that can delay and prevent SIV infection in a moderate extent. It is important to highlight that 
this formulation contains only three of the twelve that have been described to difficult virus 
maturation [18,19]. Indeed, the formulation with the twelve peptides and a highly immunogenic 
carrier (rVSV + Nano, 12 PCSs) showed very promising results in terms of SIV prevention [61]. 
Therefore, it is possible that a better selection of peptides or an increase of this number might improve 
the potency of the NP-based vaccine. Besides, the incorporation of additional adjuvants might help to 
increase the levels of protection. Altogether, we believe that there is still space to optimize the NP-
based vaccine in order to generate a more potent SIV vaccine candidate based on NPs with a low 
number of antigens. 
Considering the prominent levels of protection achieved in NHP using the PCSs associated to CS/DS 
NPs by ionic interactions, our next objective was to adapt the manufacturing process of these 
polysaccharide-based NPs to be implemented in a pilot plant. 
 
2. Technological challenges in the preclinical development of an HIV nanovaccine 
candidate 
Our objective in this part of the work was to optimize and adapt the nanoformulation for its 
production in a pilot plant for preclinical and, potentially, future clinical trials. Although the vaccine 
assessed in NHP was composed of twelve different antigens [22,23,61], bearing in mind that the 
formulation process for each of the peptides is essentially the same, the nanoformulation containing 
one peptide antigen (PCS5) was selected for its technological transfer.  
The complexity of some nanoformulations and the lack of well-defined standard analytical 
methodologies for their complete characterization are some of the main hurdles that have hampered 
the arrival of more nanomedicines to the market [62]. Indeed, important differences between NPs 
prepared in a lab or in an industrial scale have already been reported [63]. Therefore, ensuring a good 
reproducibility and choosing the adequate characterization methods are important steps that have to 
be more addressed in the literature. Here, our aim was to transfer the development of a nanovaccine 
from the bench to an industrial environment, highlighting the critical requirements that all 
nanovaccines should fulfill in order to progress towards commercialization. 
First, we applied the quality-by-design (QbD) approach to stablish both the quality target product 
profile and the critical quality attributes of our formulation. Also, an Ishikawa diagram allowed us to 
Tamara Gómez Dacoba 
 270 
identify the potential variables with the highest impact on the formulation attributes. NPs were 
prepared by ionic complexation of the positively charged components (CS and the peptide PCS5) and 
the negatively charged DS (Fig. 6A). By analyzing the formulation parameters, we observed that low 
incorporation rates of DS caused the aggregation of the NPs, with significant changes in particle size 
and PDI.  
Regarding the analytical tools for its physicochemical characterization, dynamic light scattering 
(DLS) techniques are fast and easy methods to determine particle size and polydispersity, however, 
they present several drawbacks [64,65]. Nevertheless, this method has several drawbacks, such as a 
bias towards detecting the larger particles of the sample, limited resolution between subpopulations 
with similar particle size, or the assumption that the particles are spherical [64]. Therefore, the 
combination of DLS results with other complementary orthogonal techniques, such as electron 
microscopy or nanoparticle tracking analysis (NTA), is highly recommended by competent 
organizations, such as the EUNCL [65]. Here, by applying all these techniques, we could determine the 
physicochemical properties of the nanoformulation, offering comparable results between them (Fig. 
6B–E). Interestingly, after freeze-drying the NPs, the different techniques also showed similar results. 
In addition, the freeze-dried formulation was able to extend the long-term stability of the NPs to up to 





Figure 6. Nanoparticle manufacturing process and characterization. (A) Fabrication of the nanoparticles. The 
peptide antigen is added to the chitosan solution. Then, (1; phase incorporation rate) the solution of dextran 
sulfate is incorporated into the chitosan/peptide solution, (2; agitation speed) under magnetic stirring. (3; 
interaction time) Components are kept under agitation to allow their interaction, and then (4; incubation time) 
they are kept for 10 additional min in the absence of agitation. (B–E) Physicochemical characterization of the 
nanoparticles through orthogonal techniques: (B) DLS intensity histograms (top) and surface charge values 
(bottom), (C) Micrographs of the nanoparticles by FESEM with the STEM detector (size bar represents 200 nm), 
(D) NTA size distribution. (E) Summary of the mean size values of the nanoparticles by the three complementary 
techniques evaluated. DLS, dynamic light scattering; FESEM, field emission scanning electron microscopy; NTA, 















Method Size ± SD (nm)
DLS 123 ± 12
FESEM 127 ± 38
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As previously stated, another important requirement for the good manufacturing of a 
nanoformulation is to ensure that the production procedure is reproducible across different people 
and laboratories. Hence, the formulation process was transferred to three different laboratories with 
different personnel, and the resulting batches of loaded NPs (from 1.65 to 200 mL) were thoroughly 
characterized and compared. In the different centers, the physicochemical properties of the batches 
were found to be within the specification values previously established. Besides, the scaling-up by 
microfluidics and a batch-mode preparation yielded particles within the critical quality attributes. 
Finally, the preparation of a large batch (200 mL) was conducted in the pilot plant under good 
manufacturing practices (GMP)-like conditions. In this regard, production processes, materials and 
personal flow were designed in qualified facilities according to GMP guidelines. The physicochemical 
properties of the final formulation were found within the previously described attributes (Table 1). 
Therefore, the translation of the nanovaccine from the bench to an industrial environment was 
successfully achieved. 












Final formulation 150 ± 1 0.13 -42 ± 1 6.6 7.2 186 
PDI, polydispersity index. 
Overall, we have demonstrated the feasibility of an HIV nanovaccine to be manufactured in a pilot 
plant. By implementing a QbD approach, the most critical aspects with an impact on the formulation 
attributes were highlighted. In addition, we have emphasized the importance of combining orthogonal 
techniques to guarantee an accurate and complete characterization of the formulation. Finally, the 
interlaboratory reproducibility and scalability of the nanoformulation confirmed that this 
nanomedicine would be ready to move towards an industrial manufacturing set up. 
 
A different objective of this thesis, but still in line with our interest on the potential of 
nanotechnology for the modulation of the immune system, was the re-activation of the immune 
system in the context of cancer. For this purpose, we used an already known molecule, the TLR3 
agonist poly(I:C). This is a dsRNA that upon interaction with this receptor, upregulates the expression 
of type I IFN genes, ultimately generating pro-inflammatory features [66]. Within the tumor 
microenvironment, tumor-associated macrophages (TAMs) present anti-inflammatory and tolerogenic 
features and promote cancer cell migration. Their treatment with poly(I:C) has shown to polarize them 
to anti-tumoral states in which they are re-activated to fight cancer [67]. Therefore, the final objective 
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of this thesis was to design and develop poly(I:C) nanocomplexes with tunable properties to target and 
polarize TAMs. 
 
3. Arginine-based poly(I:C)-loaded nanocomplexes for the re-education of TAMs 
Despite the known potential of poly(I:C) for polarizing macrophages towards an anti-tumoral M1-
like phenotype with ability to fight tumors [68], the systemic administration of this TLR3 agonist 
presents significant side effects [25]. Currently, it has been reported that the complexation of poly(I:C) 
with cationic polymers, i.e. polyethyleneimine (PEI), leads to positive in vivo results in different cancer 
models [69], and it is currently in a phase I clinical trial [70]. Unfortunately, PEI itself is not absent of 
systemic toxicity [71]. Therefore, the main objective of this study has been to develop a carrier for 
poly(I:C), alternative to PEI, endowed with the capacity to re-educate TAMs, and that would be 
adequate for systemic administration. 
 
3.1. Design and development of the nanocomplexes 
As the first step in the development of a poly(I:C)-loaded nanoformulation and, based on a 
nanotechnology recently reported by our group showing the capacity of modified octaarginine to 
complex polynucleotides [72], different positively-charged arginine-rich polymers were selected for 
poly(I:C) complexation. Oligo-arginines have been extensively employed for the delivery of different 
nucleic acids due to their cell-penetrating peptide (CPP) nature, which increases their uptake and, as a 
result, improves their therapeutic performance [72–74]. Although, initially, octaarginine (r8), laurate-
octaarginine (C12r8) and polyarginine (pArg) were the polypeptides selected, only the last two were 
able to form nanocomplexes with the dsRNA. In the case of C12r8, the hydrophobic tail was probably 
critical to improve the stability of the resulting complexes, in comparison to the unmodified r8 [75,76]. 
For pArg, its long chains would offer a higher number of positive sites for the binding of the dsRNA, in 
comparison to the smaller chains of the r8 [77]. 
In order to improve the nanocomplexes stability, we applied the technology previously described 
by our group to envelop the nanocomplexes with either pegylated polyglutamic acid (PEG–PGA) 
copolymers or with HA, thereby generating enveloped nanocomplexes (ENCPs) [72,78]. For the PEG–
PGA, the presence of PEG as the external layer of the system was expected to provide a steric 
protection and increase the colloidal stability of the system [79]. Additionally, the combination of PEG 
and PGA has already been shown to facilitate the passive access of enveloped nanocapsules to the 
tumor site [80]. Out of the screening of the different PEG–PGA copolymers varying (i) their 
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conformation (branched or diblock), (ii) the length of the PGA chain, and (iii) the PEG density, only the 
diblock copolymer PEG20k–PGA10 was able to stabilize the nanocomplexes for at least 24 h of 
incubation in cell culture media. Indeed, other C12r8 ENCPs enveloped with this PEG–PGA 
arrangement were also significantly stabilized [72,81], which confirms that this diblock combination of 
a low number of PGA units (10) with a long PEG tail (20 kDa) provides good steric protection to a 
nanosystem.  
Regarding HA, this negatively charged polymer was selected based on its anionic character and 
stealth properties [82–84]. Indeed, a recent report has claimed that HA coatings are able to decrease 
the adsorption of immunogenic proteins, in comparison to other anionic coatings [85]. All these 
characteristics were expected to confer stability and to increase the ENCPs circulation time. 
Based on these data, a total of four ENCPs were selected to investigate their capacity to polarize 
macrophages: non-enveloped, diblock PEG20k–PGA10 enveloped and HA-enveloped pArg 
nanocomplexes (pArg:pIC ENCPs; pArg:pIC/PEG–PGA ENCPs and pArg:pIC/HA ENCPs, respectively) and 
diblock PEG20k–PGA10 enveloped C12r8 nanocomplexes (C12r8:pIC/PEG–PGA ENCPs). All ENCPs 
presented particle sizes between 150 and 200 nm, with low PDIs and surface charges ranging from 
highly positive (pArg:pIC), through neutral (C12r8:pIC/PEG–PGA) to negatively charged (pArg:pIC/HA). 
Remarkably, high loading values of poly(I:C) were obtained for the different systems (Fig. 7A,B). Finally, 
all the systems efficiently associated poly(I:C), while protecting it from the degradation in cell culture 





Figure 7. Physicochemical properties and poly(I:C) binding affinity of the selected nanocomplexes. (A) Summary 
of the main physicochemical properties of the four nanosystems, and (B) FESEM images of each prototype. Values 
represent mean ± SD (n ≥ 12). Size bars represent 200 nm. (C) An agarose gel retardation assay was performed 
to evaluate the poly(I:C) binding capacity of the nanocomplexes. Lanes: (1) free poly(I:C), (2, 4, 6, 8) are pArg:pIC, 
pArg:pIC/PEG–PGA, pArg:pIC/HA and C12r8:pIC/PEG–PGA nanocomplexes, respectively; and (3, 5, 7, 9) are the 
corresponding nanocomplexes incubated with heparin. (D) An agarose gel retardation assay was performed to 
evaluate the release and integrity of poly(I:C) after 4 h of incubation in cell culture media at 37 °C. Lanes: (1) free 
poly(I:C) in solution and (2) in cell culture media; (3, 5, 7, 9) are pArg:pIC, pArg:pIC/PEG–PGA, pArg:pIC/HA and 
C12r8:pIC/PEG–PGA nanocomplexes in cell culture media; and (4, 6, 8, 10) are the same conditions incubated 
with heparin. C12r8, laurate-octaarginine; FESEM, field emission scanning electron microscopy; HA, hyaluronic 












pArg:pIC 1:1 163 ± 14 0.20 +44 ± 3 50
pArg:pIC /PEG–PGA 1:1 :3 190 ± 14 0.18 +26 ± 8 20
pArg:pIC /HA 1:1 :1.5 157 ± 10 0.16 -15 ± 7 29
C12r8:pIC /PEG–PGA 4:1 :3 165 ± 14 0.07 +5 ± 1 12.5
Mean ± SD, n ≥ 12. C12r8, laurate octa-arginine; HA, hyaluronic acid; pArg, polyarginine; PDI,
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3.2. Macrophage polarization towards a pro-inflammatory phenotype 
The target of the developed poly(I:C) ENCPs is the intracellular endosomal receptor TLR3. In order 
to confirm that the poly(I:C) associated to the ENCPs was able to reach this receptor, we studied the 
localization of the free and nanocomplexed poly(I:C) once inside the cells. By using poly(I:C)-rhodamine 
and CellLight® to track the cargo and the endosomes, respectively, confocal microscopy studies 
confirmed the presence of high amounts of nanocomplexed poly(I:C) (in red) inside the endosome (in 
green), after 8 h of incubation (Fig. 8A).  
Once we confirmed that the target was reached, the following step was to determine if poly(I:C) 
was able to activate TLR3 and, therefore, to polarize macrophages. First, the expression of surface 
markers related to M1 pro-inflammatory (CD80 and MHC II) and M2 pro-tumoral (CD206 and CD163) 
phenotypes was studied. Overall, low changes in the expression of these markers were observed for 
the free and nanocomplexed poly(I:C). These results, which are in line with a recent publication on the 
evaluation of poly(I:C) versus imiquimod in vitro, show a very limited ability of free poly(I:C) to 
modulate the ratio of M1/M2 receptors on the surface of prototypical M0 or M2 macrophages [68].  
On the basis of these data, the ability of poly(I:C) to polarize macrophages towards an M1-like anti-
tumoral phenotype was evaluated by conducting functional assays. Therefore, we tested the ability of 
pre-treated macrophages to secrete chemokines involved in the recruitment of cytotoxic T cells (CTLs) 
to fight cancer cells [86,87]. In this regard, we found a higher production of the chemokines CXCL10 
and CCL5 by macrophages treated with ENCPs in comparison to the free poly(I:C) and the control non-
treated M0 macrophages (Fig. 8B) These results demonstrate that, even though nanocomplexed 
poly(I:C) did not provoke an important change in the surface marker expression of macrophages, other 
anti-tumoral features such as the CTL recruitment capacity, were greatly improved. Therefore, it would 
be expected that within the tumor microenvironment, and upon treatment with the nanocomplexes, 
the secretion of these chemokines by TAMs would be increased, attracting CTLs towards the tumors. 
Besides their role in activating the immune system to fight cancer, macrophages have also the 
capacity to directly kill tumor cells [88]. To assess the potential of the poly(I:C) ENCPs to re-educate 
macrophages towards killing tumor cells, we performed another functional assay. For this, pre-treated 
macrophages were co-cultured with stained pancreatic cancer cells (PANC-1) for 48 h. After this time, 
the cytotoxicity of nanocomplex-treated macrophages towards cancer cells (30–40%) was much higher 
than the one of M0 or M2 macrophages (0 and -15%, respectively), and only slightly lower than the 
targeted M1-like macrophages (60%) (Fig. 8C). These results corroborate the high potential of 




Figure 8. Nanocomplexed poly(I:C) cellular distribution, and capacity to polarize macrophage towards M1 
phenotypes. (A) Co-localization with the endosome of rhodamine-labeled pArg:pIC nanocomplexes after 8 h of 
incubation (100x magnification). (B) Secretion of the chemoattractant molecules CXCL10 by (M0 macrophages 
pre-treated with free or nanocomplexed poly(I:C). (C) % of cancer cell death caused by (left) the prototypic 
macrophages or (right) M0 macrophages pre-treated with free or nanocomplexed poly(I:C). Each symbol shape 
represents a different donor. Values represent mean ± SD (n ≥ 3). Statistical comparison was done using an 
ordinary one-way ANOVA followed by a Tukey’s multiple comparison test between groups. C12r8, laurate-
octaarginine; HA, hyaluronic acid; pArg, poly-arginine; PANC-1, pancreatic cancer cells; PEG–PGA, pegylated 
polyglutamic acid; pIC, poly(I:C). 
Unexpectedly, these positive in vitro results could not be translated into an enhanced anti-tumoral 
efficacy in vivo using an immunocompetent murine tumor model. Although an in vitro/in vivo 
correlation should not necessarily be expected, we have speculated about the potential reasons for 
the limited in vivo activity of the ENCPs. One of our hypotheses is the potential difficulty for the ENCPs 
to diffuse across the tumor microenvironment. Although the presence of a hydrophilic polymer on the 
surface of nanocarriers was expected to facilitate the diffusion [80], it could be accepted that the size 
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high affinity of poly(I:C) towards the arginine polymers/oligomers, hinders its release and availability 
for interaction with the TLR3 targeted receptor. This slow release might have been sufficient to 
stimulate macrophages in vitro but not under in vivo conditions. Hence, additional dose-scaling studies 
are needed in order to understand the mechanistic behavior of ENCPs.  
To sum up, the arginine-based nanocomplexes developed during this thesis were able to protect 
and stabilize poly(I:C). Nanocomplexed poly(I:C) was able to reach the endosome, where its target 
TLR3 is found, and to polarize macrophages towards the secretion of T cell recruiter chemokines, 
together with cytotoxic properties. These results did not correlate well with those of a preliminary 
exploratory in vivo study intended to evaluate the capacity of the ENCPs to prevent tumor growth. 
These differences emphasize the need for a deeper understanding of the biodistribution and 
intracellular delivery of poly(I:C). Furthermore, in vivo toxicity studies following intravenous 
administration need to be performed in order to fully determine the value of the delivery strategy. In 
this regard, ENCPs could present advantages for protecting the activity of their therapeutic cargo. 
 
Overall, in this thesis we have shown that by tuning the properties of NPs, the immune system can 
be modulated both in the context of a preventive HIV vaccine and of cancer treatment. The tunability 
of NPs, that allows to attach the cargos by different approaches, and to tailor the surface of the 
nanosystem, together with the capacity to co-encapsulate several molecules, is a potential tool for the 
development of more effective medicines. Finally, we have also shown that NP fabrication can be 
successfully transferred towards a pilot plant working under GMP-like conditions, by carefully 
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The scope of this thesis was to evaluate the potential of nanotechnology to target the immune 
system in two different disease contexts: HIV and cancer. Within the frame of HIV vaccination, the 
objective was to design and develop polysaccharide-based nanoparticles with the capacity to carry HIV 
peptide antigens. On the other hand, in the context of cancer, the objective was to design and develop 
a new formulation of the immunomodulator poly(I:C), intended to facilitate its transport to tumor-
associated macrophages and their subsequent polarization towards anti-tumoral phenotypes. The 
experimental work conducted in this thesis allowed us to conclude: 
 
1. Nanoparticles consisting of a combination of polysaccharides, with or without the adjuvant 
poly(I:C), were designed to load an HIV peptide antigen. The peptide antigen could be linked to 
the particles following different approaches, such as ionic interactions and covalent, cleavable 
or non-cleavable, bonds. In all cases, the resulting nanoparticles presented adequate particle 
sizes and high antigen loading capacities. The administration of these nanoparticles to mice 
demonstrated that the different formulations were able to elicit robust humoral responses. 
Moreover, T cell activation patterns varied depending on the type of antigen linkage, with more 
labile linkages activating T cells at earlier time points and more stable linkages showing a 
delayed effect. The two most promising formulations were successfully optimized to associate 
a total of three peptide antigens. The vaccination of non-human primates with these 
nanoparticles was able to modestly delay SIV infection, and protect 50% of the animals, 
compared to the 25% protection achieved for the control group. Nevertheless, a vaccine based 
on twelve peptide antigens in nanoparticles and viral vectors was the most successful strategy 
to prevent SIV acquisition, reaching a 75% of protection. 
 
2. The fabrication of chitosan/dextran sulfate nanoparticles containing an HIV peptide antigen 
was successfully translated to a pilot plant, under GMP-like conditions. The definition of the 
quality attributes of the formulation, the implementation of risk analysis tools, the combination 
of orthogonal techniques, and the optimization of several analytical techniques resulted in the 
production of reproducible 200-mL batches of the nanoparticles. Additionally, we proved that 
both, the continuous and the discontinuous scale-up methods, were suitable for the fabrication 
of these particles. 
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3. New formulations of the immunomodulator poly(I:C), consisting on nanocomplexes with 
different types of arginine-rich peptides, were developed. They were subsequently enveloped 
with anionic hydrophilic polymers intended to provide them with adequate stability. The in 
vitro studies performed in human-derived macrophages indicated that the nanoformulation of 
poly(I:C) could be internalized by these cells and could reach the endosomal compartment 
where its target is found. Additionally, the macrophages pre-treated with the nanocomplexed 
poly(I:C) showed certain pro-inflammatory phenotypes, measured as their capacity to secret T 
cell attracting chemokines and as their ability to directly kill tumor cells. Despite these positive 
results, preliminary in vivo studies did not show a robust enough anti-tumor response. Hence, 
further studies are needed in order to assess the value of the developed formulation.  
 
Overall, we have shown that by understanding the role of the immune system in the development 
of different diseases, it is possible to rationally design nanomedicines that might represent new 
promising therapies. Indeed, we have demonstrated that nanotechnology can be used (i) to boost the 
humoral and cellular responses against HIV peptide antigens, that conferred protection against 
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STEM, scanning transmission electron microscopy 
TAA, tumor-associated antigen 
TAM, tumor-associated macrophage 
TEM, transmission electron microscopy 
TLR, toll-like receptor  
TNFα, tumor necrosis factor-alfa 
Transm, transmittance 
TRIF, TIR-domain-containing adapter-inducing interferon-β 
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Animal studies  
The studies in mice described in Chapter 1.A were done at the University of Manitoba (Canada). All 
animals were treated in a humane manner in accordance with the Principles of the Canadian Council 
on Animal Care contained in the “Guide to the Care and Use of Experimental Animals”. The 
experiments were authorized by the Animal Care Committee of the Canadian Science Centre for 
Human & Animal Health, and are summarized in the animal use document with number H-14-
004.Rev.1. 
The efficacy studies in non-human primates described in Chapter 1.B were conducted at Wisconsin 
National Primate Research Center (USA). The experiments were approved by the University of 
Wisconsin (Institutional Animal Care and Use Committees protocol number G005765), in accordance 
with the US Animal Welfare Act and following the recommendations of the National Research Council 
Guide for the Care and Use of Laboratory Animals, 8th Edition, and the Weatherall report, The Use of 
Nonhuman Primates in Research. The Wisconsin National Primate Research Center is fully accredited 
by Association for Assessment and Accreditation of Laboratory Animal Care International (AAALAC) 
under the University of Wisconsin, Division of Vice-Chancellor for Research and Graduate Education.  
The anti-tumor efficacy studies in mice reported in Chapter 3 were conducted at Istituto Clinico 
Humanitas (Milan, Italy) and were approved by Ministerio della Salute, according to the article 31 of 
the legislative decree 4 March 2014, n. 26, and with authorization number 166/2016-PR. They were 
also in accordance with governing Italian law and European Directives and Guidelines for the use of 
animals in animal studies, in compliance with the Directive 2010/63/EU of the European Parliament 
and Council of 22nd September 2010 on the protection of animals used for scientific purposes 
 
Human-derived samples 
Evaluation of nanoparticles in human-derived monocytes described in Chapter 3 was conducted at 
Istituto Clinico Humanitas (Milan, Italy), in accordance with Italian and European law. Primary human 
immune cells from healthy donors for the preparation of monocytes and macrophages are recovered 
from the buffy coats of blood donations. Buffy coats are obtained from anonymous healthy blood 
donors at an authorized organization (in this case the San Matteo Hospital in Pavia, Italy), after the 
donors have signed an informed consent. 
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Authorization of Animal Experiments (Chapter 1.B) 
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Authorization of Animal Experiments (Chapter 3) 
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Attributions to the icons employed in the graphical abstract of Chapter 2 
 
 
All the icons used in Chapter 2 for the construction of the graphical abstract were designed by Freepick 
at www.flaticon.com.  
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Permission to use an extract from a published review in the Introduction 
 
 
Origin review: T.G. Dacoba, A. Olivera, D. Torres, J. Crecente-Campo, M.J. Alonso, Modulating 
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Permission to re-use a published paper as Chapter 1.A 
 
Original paper: T.G. Dacoba, R.W. Omange, H. Li, J. Crecente-Campo, M. Luo, M.J. Alonso, 
Polysaccharide nanoparticles can efficiently modulate the immune response against an HIV 
peptide antigen, ACS Nano. 13 (2019) 4947–4959. doi:10.1021/acsnano.8b07662. 
Source: https://pubs.acs.org/doi/10.1021/acsnano.8b07662  
Further permission to the re-use of this material has to be directed to ACS. 
 
 
 
 
 
 
 
 
 
 
